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Abstract
Web accessibility is an indispensable medium for online communication and digital inclusion
nowadays. With the recent adoption of the Web Accessibility Directive making the Internet
resources accessible has become a legal obligation and strikes a need for more detailed and
reliable ways of web accessibility evaluation of the websites.
Throughout the years, many tools have been developed for testing web accessibility as well
as a plethora of metrics that are expected to convey the results. Unfortunately, in most cases
the findings appear to be incomplete since the studies rely only on one testing method, i.e.,
automatic or manual. The study has set itself a goal to contribute with knowledge to solving
three research questions. First, how to combine results from automated and manual evaluation
of web accessibility? Second, how to express the integration results in a quantitative manner?
Finally, what is the impact of the dynamic content on the integration results when the content
of the website is frequently updated and personalized?
This thesis proposes a novel approach to integration of manual and automated accessibility
testing, where the results of the evaluations are combined on the basis of accessibility guide-
lines. Additionally, a quantitative metric – Union Score, together with a graphical visualization
called Accessibility Pie Chart, are propounded, as the means for expressing the outcomes of the
accessibility evaluation with use of the combined approach.
The research has been grounded on the mixed-method approach and embedded the findings
of the conducted interviews into a quantitative study. In order to find emphirically the most
suitable method for combining manual and automated testing, fifteen web pages selected from
two websites were chosen for evaluation with two testing tools: WTKollen Checker andWTKollen
User-Testing Tool.
The findings of the analysis show that WCAG 2.0 may serve as a bridge between manual and
automated evaluation outcomes and result in an increased coverage of the Success Criteria. The
proposed metric has been preliminarily validated with regard to its application for benchmarking
purposes and supplemented with a graphical way of presenting accessibility testing results.
Furthermore, it is concluded that the suggested integration approach can be deployed. Yet, the
challenge of dynamic content evaluation requires more research attention.
The study has contributed to the current state of knowledge about web accessibility evalua-
tion and the results are expected to be used for implementation of the novel approach. For the
future paths, a more extended study on the proposed metric’s properties is advised. Also, the
importance of further research in the area of dynamic content evaluation is highlighted.
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1. Introduction
The power of the Web is in its
universality. Access by everyone
regardless of disability is an essential
aspect.
Tim Berners-Lee
Statistics show that 81% of the population in the European Union (aged 16 to 74) is reg-
ularly using the Internet [1]. According to the World Health Organization (WHO) Report on
Disability, over a billion people, which is about 15% of the world’s population, have some form
of disability [2]. Accessibility acts as the medium and facilitator for the full integration of all per-
sons in society, regardless of disability. The goal of inclusion signifies that there is an obligation
to create environments that provide access to all aspects for all people on an equal basis.
Following the World Wide Web Consortium (W3C) definition [3], web accessibility means
that websites, tools, and technologies are designed and developed so that people with disabilities
can use them. More specifically, so that people can perceive, understand, navigate, and interact
with the Web as well as contribute to it.
A few years ago web accessibility was associated only with the possibility for the disabled to
take advantage of the Internet. It is still the case, however web accessibility has broadened its
meaning. Over time web accessibility has become a crucial consideration for every user of the
Internet. The biggest change that happened in the recent years is that web accessibility has also
become a concern for an average user. With all the technological advance that can be witnessed
today: digitalization, Artificial Intelligence (AI) boom, accessibility has moved from the backs
to the foreground. There can be observed a growing awareness of why web accessibility is vital
to so many users. What is the benefit of technological progress, advanced applications if they
cannot be fully used by the people?
Accessibility issues may hinder users from everyday activities like browsing the website or
using a digital contact form. More and more communication between public sector agencies
and users are conducted online. Moreover, thanks to the growth of accessibility consciousness,
organizations are increasingly being expected to clearly state their accessibility statement, as
5
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required by the WAD. Web accessibility is no longer an encouragement but it has become a legal
obligation to allow that all people can participate in the digital world.
1.1. Background
The overall goal of web accessibility is to enable equal participation of people in the digital
world. Various initiatives that are undertaken to make the Web more accessible set the directions
for enhancements. In order to improve web accessibility of digital resources – an accessibility
evaluation needs to be made. The issues causing accessibility barriers have to be first identified,
so that they can be repaired.
Web accessibility evaluation is a broad field that encompasses both technical and non-
technical aspects [4]. From the technical angle, assessment of conformance to accessibility reg-
ulations and guidelines can be named. On the other hand, non-technical aspects would involve
users to the checking process. Regarding that, diverse approaches to evaluation can be adopted.
Three main kinds of accessibility evaluation can be distinguished: manual, automated, and semi-
automated testing. Manual evaluation assumes that tests are carried out by human evaluators,
supported by given instructions or guidance. Automated testing approaches the evaluation in
a fully-automated way, conducting the accessibility tests with aid of software tools that do not
require human input. Finally, the third way of testing web accessibility – semi-automated check-
ing, encompasses evaluation, partially done by the software tools, that is combined with human
judgment, e.g. to decide on the unsure test results or conduct tests that were not implemented
in the tools, like the tests that are currently hard to automate. For instance, verification whether
a title is well describing the subsequent content may only be done by a human.
1.1.1. Need for Integration
Various reasons for combination of manual and automated testing can be identified. Recent
advance in technology of web development creates new challenges for accessibility evaluation.
More accurate and reliable methods, being at the same time efficient and affordable, are in high
demand.
One cannot rely only on one tool.
It has been observed that neither automated nor manual evaluation can solely deliver a com-
plete report on web accessibility of a website. There still remains a gap between the efforts of
these testing approaches. No one evaluation method alone can identify all problems [5]. Vigo et al.
[6] has conducted an extensive study that measures the sole reliance on automated testing. The
effectiveness of six tools were investigated with a focus on their coverage, completeness and
correctness with regard to Web Accessibility Guidelines (WCAG) 2.0 conformance. The authors
claim that entrusting the accessibility evaluation only to the automated tools entails that one
J.M. Mucha Combination of automatic and manual testing for web accessibility
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out of two Success Criteria (henceforth SC) will not even be analyzed and among those involved,
exclusively four out of ten will be found at the further risk of generating false positives. The
research shows also that the coverage of SC is at most equal to 50%. Coverage, completeness and
correctness of the tools were measured in comparison to the outcomes of an in-depth experts
analysis. Another study reports that only approximately 20% of all accessibility tests can be
automated [7]. The rest can be carried out manually.
Manual and automated methods can complement each other.
Both manual and automated testing have their unique advantages that can be utilized for
the evolution of the assessment methodology. While automated checking is cost effective, robust
and replicable, manual evaluation can be seen time consuming but necessary to cover the tests
that cannot be automated. The strengths of one approach to accessibility evaluation may fill
in the gap of the other approach. Manual and automated methods can complement each other.
There is a need for integration so that there is no more dilemma over the Automated Testing
Tools (ATT) and User Testing Tools (UTT) about which one is better. Instead – a mutual
cooperation aimed at making the Web more accessible to people can be achieved. Moreover,
manual testing can provide a more detailed report of accessibility issues. When combined, the
approaches can work together towards a more accessible Internet.
Accessibility integration can support the efforts of Web Accessibility Directive (WAD).
Thanks to the combination of manual and automated testing, the accessibility statements
imposed by enactment of WAD [8], can convey a more complete picture of the real accessibility
the website provides, not only a statement of conformance to the accessibility guidelines. A
more detailed report is possible to be shared. It is important to engage people in the evaluation
process. Human input becomes in this case especially necessary.
1.1.2. Benefits of Accessibility Metrics.
Providing a quantified information about the web accessibility state of a website has several
benefits. In order to gauge the level of accessibility, some measures are needed to be established.
Following [9], a metric is a procedure for measuring a property of a web page or a website. In
case of the web accessibility metrics, the failure-rate metric calculates the ratio between the
number of accessibility barriers of a particular set of criteria over the number of failure points
for the same criteria.
First, the metrics may aid developers in the Quality Assurance (QA) process to control
the level of accessibility throughout the development cycle. Secondly, monitoring accessibility
trends on websites can be helpful to capture how the page updates impact its accessibility as
well as implementation of the adopted accessibility laws and standards. In addition to that,
web accessibility metrics allow for benchmarking of web resources, whether the evaluation is
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done within the same region or is more spread geographically. An example of such analysis is
an assessment of the level of accessibility of e-governmental websites. Goodwin et al. [10] has
run a global analysis of web accessibility of national government portals and ministry websites,
which presents the results using the benchmarking methodology. Moreover, accessibility metrics
support conformance testing of websites allowing for accessibility conformance claims issuing (A,
AA, or AAA in case of WCAG 2.0 ). In addition to that, the quantitative accessibility scores
may be used for generating benchmarking lists and supports indirectly a competition between
the websites’ owners in terms of accessibility. Last but not least, a quantified information about
the web accessibility may serve for Information Retrieval (IR) purposes. Web resources can be
retrieved not only accordingly to the information relevance but also to the accessibility level
they present.
————————————————————————————————————————
————
1.1.3. EIII Roots
The idea of manual and automated testing for web accessibility was pursued in the European
Internet Inclusion Initiative (EIII) project. The project itself highlighted the need for harmo-
nization of web accessibility evaluations and pointed out a handful of benefits and challenges of
combining automated evaluation and user-testing [11]. While automated testing is robust, can
encompass many pages and produce repeatable results, manual evaluation can deliver detailed
and more complete reports for a smaller number of web pages. Designing automated tests in
a way that they could produce three different results: pass, fail, to be verified, was the first
attempt of involving humans into the process of web accessibility evaluation. The results la-
belled by to be verified tag became an input data for the UTT tool. A simple case of checking
whether an image has implemented an alt attribute can reflect the idea of results verification.
Even though the ATT tests if the attribute is present, it cannot verify if the text conveys the
intended information – crucial for the user. At that point, human evaluation becomes necessary.
Notwithstanding the efforts, no physical deliverables has been provided in the EIII project on
integration methodology apart from an extensive report on that topic [12] and a separate UTT
tool. Yet, the substantial experience from the EIII project can be taken further to the WTKollen
project through this research.
Early automated methodologies were developed in the European Internet Accessibility Ob-
servatory (EIAO) project [13], aimed at providing the first large scale website evaluation. The
EIAO was then followed by the eGovMon project [14] that implemented large scale evaluation of
governmental websites with a conformance to WCAG 2.0 . Both projects brought a significant
impact to the works of the EIII initiative at that time. For the expert evaluation, EIII benefited
from Unified Web Evaluation Methodology (UWEM) [15], which was an early attempt to unify
accessibility results. Noteworthy is to stress that the UWEM 1.0 sought to comply with the
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WCAG 1.0. Later on, some efforts on updating the UWEM methodology to be compatible with
the WCAG 2.0 standards were done. Moreover, the WCAG-Evaluation Methodology (WCAG-
EM) [16] had a vital input to the idea of results combination, providing useful information on
sampling and reporting.
1.2. Literature Review
Immense sources on web accessibility are available in the literature. Web accessibility eval-
uation is strongly determined by the reason of investigation. Recent literature offers a broad
overview of the methods for performing web accessibility evaluation. The methods depend greatly
on the purpose of the testing. This research focuses its efforts in particular on combination of
diverse methods of web accessibility testing as a contribution to a more barrier-free Internet.
First, recent advances in web accessibility guidelines and legislations are presented. Next
follows a description of the state-of-the-art of web accessibility evaluation with a separate section
for semi-automated testing. Then, the literature review discusses the prevailing work on web
accessibility metrics, to arrive at a proposed revision of the previous integration approaches.
1.2.1. Web Accessibility Documents
A desk research on the current accessibility policies and legislations across the world has
been conducted. Some general guidance on accessibility in software development are covered by
the ISO Standard 9241 − 171 : 2008 (Guidance on software accessibility) [17]. The document
provides ergonomics guidance and specifications for the design of accessible software for use at
in various life contexts. It covers issues connected with designing products for people with the
widest range of physical, sensory and cognitive abilities, including those who are temporarily
disabled, and the elderly.
In October 2012, WCAG 2.0 got adopted as an ISO/IEC International Standard under
the number ISO/IEC 40500 : 2012 [18]. WCAG 2.0 has been also referenced in legislations
of many countries across the globe, for instance Autralia, Canada, Japan, and New Zealand.
The guidelines developed by the World Wide Web Consortium (W3C) along with the Web
Accessibility Initiative (WAI) have become a base for many national standards [19]. For instance,
the German BITV [20], the French RGAA [21], the Norwegian Forskrift om universell utforming
av IKT-løsninger [22], the Spanish UNE 139803 : 2012 [23], the Swedish Discrimination Act [24]
or Section 508 in the United States [25] together with more recent ADA [26]. The British Equality
Act [27] is also worth mentioning as an example of national initiative of ensuring an accessibility
society for all. For the European Union (EU), Mandate 376 embraces WCAG 2.0 as an official
accessibility standard [28].
Recent advances in technology have shown a need for an update of the WCAG 2.0. Works
done under the umbrella of W3C have resulted in development of the next generation of accessi-
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bility guidelines: WCAG 2.1. For the time being, the new version of the guidelines is a Candidate
Release. The complete WCAG 2.1 is planned to be published by June 2018. WCAG 2.1. ad-
dresses more accessibility requirements for mobile accessibility. Also, the needs of certain disabil-
ity groups have been put into focus. WCAG 2.1 devotes its efforts on specifications concerning
people with cognitive and learning disabilities, as well as people with low vision. Seventeen new
SC have been added to the WCAG 2.0.
On 26 October 2016 the European Parliament approved WAD on making the websites and
mobile apps of public sector bodies more accessible [8]. The enactment of the WAD appears to
be a significant milestone on the path to ensuring accessibility for all. The Directive aims to
make public sector websites and mobile applications more accessible, and to harmonize varying
standards within the EU. According to the WAD, public sector bodies must provide on regular
basis a detailed, comprehensive and clear statement on how their websites and mobile applica-
tions comply with the Directive (Art.1, Sec.44). Moreover, WAD imposes that there should be
provided a feedback mechanism to enable a user to notify the public sector body of any failures
of the website or mobile applications (Art.1 Sec.46). Besides, all twenty-eight EU countries must
monitor compliance and report to the European Commission on the results of monitoring every
three years, starting from 23 December 2021. The Member States are obliged to bring into force
the legislation necessary to comply with WAD by 23 September 2018.
1.2.2. Web Accessibility Evaluation
The task of accessibility evaluation involves a question about the method that should be used,
as an unsuitable method may become the culprit [29]. A number of methods are available for an
auditor to choose from: automated evaluation, user testing, expert review or a semi-automated
method. Each of them has its strengths and weaknesses, thus is preferred to be applied in certain
cases. A sound reasoning on the evaluation method choice has been made by Brajnik in [30] :
taking into account that there exist several definitions of accessibility, various methods have to
be used to evaluate the website. Assessing a website manually does not make sense if one is inter-
ested in benchmarking purposes. The evaluation method should suit the evaluation purpose. A
comparative test of web accessibility evaluation methods has been conducted [31]. The study in-
volves a comparison between conformance testing and the developed Barrier Walkthrough (BW)
method.
Another study which has investigated effects of different computational approaches to web
accessibility metrics has been done by Freire et al. [32]. The research has been based on an
expert evaluation, i.e., no automated testing involved. It has been observed that the ranges and
spread of the normalized values differ a lot. The results from checklist review inspections of
accessibility are said to have a significant impact on the quantitative results. See also [33].
However, it seems to be difficult to compare evaluation techniques as they measure different
variables, which is the case for manual and automated accessibility testing. Both are the servants
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of the idea of contributing to a more accessible Web. The synergy can result in a situation where
the combined efforts are greater than the total contribution achieved by each method working
separately.
A methodology for web accessibility evaluation has been developed by W3C as a supplemen-
tary document for WCAG 2.0 [16]. It describes the steps that are common to processes for a
comprehensive assessment of the website’s conformance to WCAG 2.0. The methodology high-
lights considerations for evaluators to apply these steps in a context of the tested website. The
methodology encompasses five iterative stages, namely Scope defining, Target website explo-
ration, Sampling a representative probe, Audit of the sample, and Reporting. The WCAG-EM
tool gives a possibility to generate a machine-readable reports that facilitate processing of the
evaluation results. The reports are created in Evaluation and Report Language (EARL).
An attempt on investigating the advancements in web accessibility evaluation methods has
been made by Baazeem and Al-Khalifa [34]. The study reveals a lack of substantial evolution
of these methods for the years 2011 − 2015. The most recent information regarding evaluation
methodologies that has been found was done as a part of the Digital Single Market initiative [35].
The study maps various methodologies used for monitoring accessibility of the websites in the
EU and supports the implementation of the WAD. The study suggests that the European web
accessibility monitoring methodology should combine manual and automatic web accessibility
monitoring methods.
1.2.2.1. Semi-automatic Testing
Lang in her study of website accessibility evaluation methods concludes that a fully integrated
approach is the most appropriate method for accessibility evaluation. Ideally, the approach
would combine semi-automatic, manual, and user testing of accessibility features [5]. Moreover,
it is stated that for organizations, that have imposed time and cost constraints, combining
automated and manual evaluation (called there a ’discount accessibility ’) is the best approach for
accessibility evaluation. Similar conclusion has been made by Harper and Yesilada [36], stating
that optimal results are achieved with combination of various approaches of web accessibility
evaluation. Owing that, the strengths of the specific methods can be appreciated.
A semi-automatic tool is proposed by Rowan et al. [37] as a remedy for the gap between
user testing and automated evaluation. The authors emphasize a need for a meta-method that
takes advantages of current methods, but which also bridges their shortcomings. According
to the authors, such a meta-method would provide a standard for detecting all accessibility
barriers present on the website. The approach evaluates all pages automatically and a sample of
representative and/or frequently visited pages for all accessibility problems. In case of manual
evaluation, testing is based on the W3C’s WCAG Checklist [38]. In the total accessibility audit,
usability evaluations are included.
Another tool for semi-automatic web accessibility evaluation has been suggested by
J.M. Mucha Combination of automatic and manual testing for web accessibility
12 1.2. Literature Review
Fuertes et al. [39, 40]. Hera-FFX, as the add-on is called, carries out an automatic prelimi-
nary evaluation and then enables the user to view the results and continue with manual testing
of the WCAG checkpoints. Even though the the tool succeedes in linking manual testing with
automatic, it is stated to be focused on the manual evaluation.
An attempt to integrating manual and automated accessibility metrics has been undertaken
by Naftali and Clúa [41]. The study addresses the integration of three web accessibility metrics
into a semi-automatic testing process. The research outlines the beneficial side of incorporating
quantitative measures into the assessment process as well as emphasizes its limitations.
1.2.3. Web Accessibility Metrics
Over the last few years, an increased interest within web accessibility research has resulted
in many attempts of quantifying the level of accessibility of web resources. One reason for a
numbered score is the fact that monitoring of the web accessibility demands quantitative metrics.
In terms of the QA process, web accessibility metrics have become an indispensable aid. Even
though it is not advisable to compare the scores produced by different tools, due to the fact that
different tools use distinct methods of accessibility measurements, the idea of accessibility level
quantification for benchmarking purposes has become desirable enough to investigate more on
this topic. Nietzio et al. [42] addresses the topic with creation of an accessibility score function
for benchmarking that complies with WCAG 2.0. The following properties are suggested as
the most relevant for the score function: low sensitivity towards menial changes in the web
page, adequacy of scale and range of the score values. The proposed score function is based on
aggregation of tests on SC level. The advantage of this solution is explained with the possibility
of conformance level prioritization and for the sake of further processing of the results.
Vigo et al. [43] has discussed the validity of the proposed accessibility metric in terms of
its applicability in the fields of QA, benchmarking or IR. The metric is automatically generated
from reports provided by automatic evaluation tools. The investigation on metric’s reliability
has led to the conclusion that the metric is tool dependent, yet can be used for ranking scenarios
and accessibility monitoring.
An extensive overview of the web metrics developed by 2009 has been presented by Vigo et al.
[44]. The authors have analyzed a set of metrics created with a distinction for the kind of the
disability impairment, e.g. for visually impaired users, the blind. The paper makes a reference to
the UWEM 1.2, which proposes the calculation of the mean value of every single page from the
sample set as a metric for a website [15]. Later on, the same author together with Brajnik [45]
revisits the state of metrics for automatic accessibility evaluation.
A more recent update on the web accessibility metrics has been delivered by Vigo and Bra-
jnik [45]. The study provides a complete overview of the automatic web accessibility metrics.
The authors address the quality issue of automatic accessibility metrics and present an ancil-
lary framework as an aid for analysis of the metrics. Then, the framework is applied to seven
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selected metrics, which allows to showcase their strengths and weeknesses for defined scenar-
ios within QA, benchmarking, search engines, and user adapted interaction. The findings show
that Web Accessibility Quantitative Metric (WAQM), Page Measure, and Web Accessibility
Barrier (WAB) have scored highest in terms of quality among the evaluated metrics.
Song et al. [46] has lately contributed to the current state of knowledge on web accessibility
metrics. The newly developed metric combines the idea of automatic evaluation with user expe-
rience. The Web Accessibility Evaluation Metric (WAEM) metric assumes pairwise comparisons
between different websites performed by the users. The aim of the comparisons is to develop
checkpoint weights necessary for later score calculation. The process is boosted by application
of Support Vector Machine (SVM) to derive the optimal checkpoint weights for the evaluation.
The effectiveness of the method is stated to be validated through experiments on real-world
websites.
The Web Accessibility Metrics Symposium, organized by WAI R&D group, has fructified
in a presentation of a number of recent studies done on web accessibility metrics [9]. Among
introduced, a nascent idea of a template-aware web accessibility metric has been raised by
Fernandes et al. [47]. The authors stipulate that in the light of the estimates that 40 − 50%
of the Web content built on templates, an accessibility metric should take it into account. It
is indicated that an issue of a relatively small amount of accessibility barriers can contribute
largely to the lower accessibility score. It inherits from the problem of numerous reports of
the same accessibility errors in the tool, connected to a particular template. As a remedy, it is
proposed to alter the accessibility metric by calculating a separate parameter for accessibility
of the templates and adding it to the results of the assessment of the rest of web pages. The
idea of an accessible Content Management Style (CMS), contributing significantly to the overall
websites’s accessibility, is pointed out by Bailey in [48]. The role of the CMS templates in the
assessment of web accessibility has also been highlighted by Mucha et al. [51].
The most actual guideline on web accessibility metrics development and validation, that
has been accessed, is provided by W3C. The Research Report on Web Accessibility Metrics [9]
delivers a framework for quality assessment of the accessibility metrics. The framework seeks
to contribute to improvement of web accessibility metrics quality. The report focuses on five
most crucial attributes that an accessibility metric should have to be considered for application.
Validity, reliability, sensitivity, adequacy and complexity attributes constitutes the framework.
Even though there are a plethora of metrics out there, the validity and reliability of most of
these metrics are unknown and those making use of them risk arriving at misleading outcomes.
1.2.4. Integration Approaches
As of 2014, there was reported no tool that combined automated and user testing results
based on WCAG 2.0 [11].
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Brewer in early sources from 2004 expresses a need for combination of automated and manual
testing [49]. The author suggests running a number of accessibility evaluation tools on a website,
where the tools indicate conformance problems that should be checked by an expert familiar
with the WCAG 1.0. The proposed approach involves a conformance evaluation including testing
by users with disabilities.
A Semi-Automatic Method for Measuring Barriers of Accessibility (SAMBA) has been pro-
posed by Brajnik and Lomuscio [50] as a new methodology for measuring accessibility. SAMBA
combines expert reviews with automatic evaluation of web pages. In addition, an associated
metric has been created. SAMBA uses the Barrier Walkthrough (BW) method for evaluating
web accessibility [30]. It combines output produced by a testing tool with human judgment on a
sample of the output to yield an overall index of accessibility. The idea is to run an accessibility
testing tool against a website to identify a set of potential barriers. In the next step, potential
barriers are sampled (with use of a non-proportional stratified sampling method with no replace-
ment) and a panel of judges are asked to analyze the sample, associating the severity with each
potential barrier. In the third phase, accessibility indexes are computed, e.g. barrier density of
a website or confidence interval severity matrix to arrive at weighted/unweighted accessibility
indexes. The suggested approach puts more focus on understanding the accessibility of a web-
site with regard to the particular disability groups than only on conformance to the guidelines.
Therefore, severity of the barriers is estimated together with error rate of the tool. The method
is reported to be more effective than conformance testing in detecting the more severe barriers
and minimizing false positives. Nevertheless, it is not as efficient as conformance testing when it
comes to the coverage of all possible accessibility barriers present on a website [29].
1.3. Research Challenges
Some challenges of integrating manual and automated accessibility evaluation can be found.
Due to their distinct properties, integration of manual and automatic evaluation may be prob-
lematic. The following concerns are taken into account in this study:
– Timing – Ideally, tests should be performed at the same time to avoid any changes to the
content.
– Content – The manual and automatic evaluation are performed on different tools with
different rendering (headless browser, user agent). It becomes arduous to satisfy that the
page elements will be presented the same way unless both ATT and UTT can be run on
the same rendered page.
– Different coverage – It may be challenging to assure that the same subset of web pages
will be served for manual and automatic evaluations. Checking all web pages of a website
is not feasible in case of large-scale evaluations.
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1.4. Problem Statement
An exponential growth in size of the Web and the advances in making web accessibility
part of the legislation, create a need for an evaluation approach that would provide a more
complete picture of website’s accessibility. Integration of the traditional approaches, namely
automated and manual testing, would be beneficial for assuring a decent quality of checking
Internet resources, as neither of them alone can satisfy the needs for a thorough accessibility
report of the website. Outcomes obtained with one evaluation method are simply not reliable
enough to state about the accessibility .
It is important to provide a measurable determinant of web accessibility to produce a com-
parable and repeatable results. What is more, the approach has to be credible so that both users
and policy makers can trust it. More benefits of methods combination have already been men-
tioned in Section 1.1. Integration of automated and user testing is an interesting idea because
of the fact that it unites two different approaches to accessibility evaluation, which at the same
time complement each other. Quality of the assessment is expected to be significantly improved
while not affecting drastically the efficacy of the testing.
The challenges that have been pointed out above make the task of integration hard to
accomplish. It leads to a situation when one has to either balance the expectations or choose
between barriers coverage and evaluation efficiency.
A plethora of evaluation methods and metrics have already been developed. Various methods
on how to quantify the results of web accessibility assessment can be found in the literature.
Most of the studies focus their attention on automated testing and processing the results only
from checkers. That is only one part of the effort that is needed.
There has already been produced enough scientific metrics that touch the topic and attempt
to translate web accessibility evaluation results into numbers. In spite of the fact that they pro-
vide some valuable information about the accessibility, in most cases the findings are incomplete
since they rely on testing results from one tool.
However, there can be recalled some studies, that have used a semi-automated approach to
accessibility evaluation. Table 1.1 gives an overview of the most related approaches that can be
encountered in the literature, which use a semi-automated approach to accessibility evaluation.
All of the selected approaches combine at least two Accessibility Evaluation Methods (AEM).
In most cases, there is observed a trend to support automated checking with manual evaluation.
In some studies, usability testing has also been noticed. It can be seen that the BW method
has been quite popular among the researchers. Both SAMBA and OceanAcc incorporate it into
their methods. The advantage of BW method is that it takes into consideration context of
a website. Moreover, it proves to be effective in finding more severe barriers and in reducing
false positives. Nevertheless is is less effective in detecting all possible barriers. The approach
of the three-fold AEM proposed by Lang [5] encompasses automated testing, manual checking
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and additionally usability testing. Although, the author proposes a broad and detailed way
of evaluation, it is not practical enough to use it on a daily basis, let alone for benchmarking
purposes, where the number of websites to check is considerable. In case of the browser extension
Hera-FFX, the culprit of this method is that it is not able to evaluate the rendered version of
a web page including locally displayed content. In the light of the current web development
technologies, dynamic content testing for web accessibility becomes an indispensable task in
order to produce sound results. Recent WAEM metric involves AI concepts to the evaluation
process [46]. Song et al. postulates that the method responds to the need for user involvement in
the accessibility testing by having the users perform pairwise comparisons between websites to
indicate better browsing experience. It is necessary for finding the optimal weighting scheme of
the WCAG checkpoints. One advantage of this approach is that it produces a quantified result
of the evaluation. Withal, despite the novelty of the method, the idea hits the wall with the fact
that it demands from the users to be acquainted with the WCAG principles, which is not always
feasible to achieve.
A practical way of enacting more exhaustive evaluation is needed. An approach that would
also be simple to apply and possible to use on a daily basis. Ergo, to address the requirements
of reality, the study sets itself some standards that a desired evaluation method should fulfill:
– mature to convey a complete picture of accessibility, not only one side
– producing measurable, accurate results
– able to detect accessibility problems
– simple enough to use and put into practice
– clear to comprehend
– effective in terms of time and cost
Taking into consideration all of the revised work that has been done so far, and the pointed
limitations, an alternative approach to web accessibility evaluation is proposed in this thesis.
Considering the fact that it has been proven that combination of manual and automated testing
yields the most complete results as can be achieved for the time being, the study embarks on an
investigation on how to combine them to deliver a thorough report of the accessibility issues.
The idea is to support the automated evaluation with the results of independent manual
assessment conducted next to the automated testing. The novel approach differentiates itself
from the previously proposed approaches in the sequence of manual and automated evaluation.
Both are meant to be carried out concurrently or nearly simultaneously. The approach is to
start the checker as soon as the UTT bookmarklet is launched by the user. Thanks to that, the
challenge of dynamic content evaluation can be addressed. The core integration is planned to
be achieved by connecting automated and manual checking results through the WCAG 2.0 SC,
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that works as a bridge between these two AEMs. Both perform the assessment by checking the
compliance with the established accessibility principles. Besides, owing to the evaluation run both
in the checker and in the browser via UTT bookmarklet, more SC can be applied, which can result
in more accessibility violations captured. Moreover, the UTT utilized for user testing can be used
by non-accessibility experts. Yet, some basic knowledge about the concepts of web accessibility
is needed. What is more, to fulfill the requirements of the proposed integration method, a tailor-
made web accessibility metric is propounded: a Unified Accessibility Score (UAS).
The following hypothesis can be posed:
Outcomes from manual and automated web accessibility evaluation can be combined on the
grounds of implemented guideline, resulting in a single, quantitative accessibility score expressing
to what extend a particular website is accessible for the users.
The aim of this research is to create a method that would help to uncover existing barri-
ers on the websites. The metric is supposed to comply with the quality framework developed
by W3C [9]. Additionally, different ways of graphical presentation of the integrated results of
the accessibility testing are to be explored. Moreover, impact of the dynamic content on the
integration results of the evaluation is going to be observed along the experiments.
With the proposed approach to accessibility evaluation, the process of accessibility assess-
ment is expected to be taken a step further and contribute in the long run to a more accessible
Web for all.
In order to confirm or reject the aforementioned hypothesis, following research questions
have been formulated:
RQ 1 : How to combine automated and manual evaluation of web accessibility?
RQ 2 : How to express the integration results in a quantitative way and present them visually?
RQ 3 : How does the dynamic content influence the results of the integration?
1.5. Assumptions and Limitations
Due to the natural constraints of the study and the novelty of the approach a few assumptions
are needed to be made. Sampling has been left beyond the scope of the study. The fact that
most of the websites are built on CMS templates and the effect it has on accessibility assessment
influences the approach to evaluation [47]. Embracing the recently proposed sampling approach
by Mucha et al. [51], it is assumed that the pages selected for the evaluation comprise the
set of website templates. Moreover, as a consequence of the previous assumption to sampling,
it is presumed that all of the pages selected for evaluation are checked, both manually and by
the automatic tool. Thus, the challenge of different coverage may seem to be resolved with this
simplification. What is more, an assumption is made that the same accessibility guideline is
utilized for manual and automated testing.
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The study has also limitations that can be identified. One limitation of the applied method is
that quantitative results obtained with use of the distinctive metrics cannot be directly compared
against each other. It is caused by the fact that different calculation formulas for accessibility
scores are implemented.
1.6. Contribution
The main contribution of this research is to pave the way for the more thorough evaluation
method, that would deliver a more complete report of the accessibility state of the website. The
technical outcome of the project can then contribute to adoption of a novel quality metric and
producing more reliable accessibility audits. In addition to that, the integration methodology
combined with the above-mentioned clustering approach to sampling may result in a substan-
tially more complete and efficient web accessibility assessment.
1.7. Structure of Report
The report is organized in six chapters. Chapter 2 outlines key concepts needed to follow
the research methodology and conducted experiments. A brief overview of web accessibility
principles is provided at the beginning and supplemented with the information about the web
accessibility metrics. Later on, the next part explains the way of accessibility score calculation.
Then, diverse accessibility evaluation methods are explained. Finally, the idea of integration
methodology is described.
Chapter 3 consists of the description of the proposed solution to combination of manual and
automated accessibility testing. The chosen research strategy and design are presented. Secondly,
multiple research methods, both qualitative and quantitative, that are used in the study, are
presented. Next section elaborates on the details of the integration task: how to calculate the
accessibility score, which approach should be used and how to assure the quality of the proposed
metric. The following section provides information about the design of the experiment conducted
in order to find the answers for the research questions. Dataset is also described. Then, further
information about the quality assurance is outlined. A summary of methods utilized in the study
closes the chapter.
In chapter 4 an extensive study of the results of the experiment has been delivered. Outcomes
of the qualitative and quantitative methods are presented, together with information about the
triangulation. The last section of the Results Chapter demonstrates the results connected to the
developed score function. An attempt to metric’s quality validation is made and a suggestion
for visual presentation of the evaluation results depicted.
Chapter 5 discusses the outcomes of the research. Major findings are summarized and the
research challenges addressed. Additionally, advantages and shortcomings of the propounded
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solution are highlighted. At the end of the chapter, some limitations that have been identified
are acknowledged.
Finally, the last chapter 6 summarizes the efforts of the study and makes a suggestion for
future paths to follow.
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2. Theory
This chapter explains the key concepts needed to understand the investigation. First, the
meaning of web accessibility is defined accordingly to the adopted definition. Next section pro-
vides information about various ways of accessibility evaluation with a special attention to the
semi-automated testing. Then, accessibility metrics and criteria that determine a valid metric
are explained. Finally, a connection between web accessibility evaluation and dynamic content
is presented. Further details can be found in the referred sources.
2.1. Web Accessibility
Nowadays the Web is present in all of the fields of life and many people cannot imagine their
lives without the possibility to use the Internet on a daily basis. However, a great deal of the
users may encounter problems when the websites are not satisfying the basic level of accessibility.
Web accessibility is a property that states to what extent the web resources are accessible for
different groups of users. Over fifty different definitions of web accessibility are available in
the literature [52]. Some of them explain the web more precisely whereas others define web
accessibility as a vague term, e.g. the one provided by Thatcher et al. [53]: "(. . . )it is effective,
efficient and satisfactory for more people in more situations.". Yesilada et al. explored perceptions
of web accessibility using a survey approach [54]. It has showed that the respondents strongly
agree that accessibility must be grounded on user-centred practices and that its evaluation should
be more than just inspecting the source code.
The main distinction is made within the definitions for two groups:
– Web accessibility related to the conformance to the accessibility guidelines
– Web accessibility, which assumes that websites can be used by all people on equal basis
According to the W3C, web accessibility is defined as a situation when people with disabilities
can perceive, use and interact with the web. Also, when the users can contribute to it and fully
benefit from it [55]. Web accessibility encompasses all disabilities that affect access to the Web,
including:
– auditory issues, e.g. deafness, as well as partial deafness;
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– visual impairments;
– cognitive;
– neurological;
– speech;
– physical, mobility problems, (i.e., difficulties caused by a limited mobility that can be a
result of certain diseases, accidents or the aging process);
Moreover, web accessibility addresses people without disabilities that can also benefit from
accessible web resources. That includes the older people, people with short-term disabilities such
as a broken arm or experiencing a "situational limitation", for instance due to a bright sunlight.
Apart from that, a slow Internet connection is also regarded as an accessibility barrier. Also,
web accessibility takes into consideration people using devices with small screens etc. such as
mobile phones, smart watches etc.
Various examples of the problematic issues on the web pages can be called together with
suggestions how to counteract them. A blind person may struggle when no textual equivalents
are provided for the images, so that assisting tools like text-to-speech devices can process them.
Often encountered flashing effects can lead to photo epileptic seizures. Cognitive needs can be
fulfilled with developing a more simply-structured content. For the people with mobility issues,
problems can be alleviated with providing a way of navigating through a page using keyboard,
ensuring an adequate size of the buttons or even enabling usage of a simple voice switcher, in a
situation when a person is affected by a muscle weakness.
Depending on the type of disability, different issues may prevent users from taking full
advantage from website. What may cause an accessibility issue for one person, may not disturb
the other one. For instance, missing captions would probably not affect as much a person with
a broken arm as a deaf person, for which provided captions are the only way to understand the
content of the video. G. Brajnik proposes a user-centered accessibility view and suggests a three-
step accessibility model, that is meant to help to plan and perform accessibility assessment [56].
The proposed Properties-Context-Methods (PCM) accessibility model takes into consideration
the type of user disability among others. With this in mind, accessibility considers as well the
effect and severity that a badly-structured or programmed website may have on the various
groups of users.
What is more, built upon which definition of web accessibility is chosen for the study, the
way of testing it may slightly vary. The definition provided by W3C has been chosen for the
purpose of this study.
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2.2. Web Accessibility Evaluation
According to the W3C, accessibility evaluation is also called “assessment”, “audit”, and “test-
ing”. W3C serves as a Consortium that develops international standards for the Web, including
HTML, CSS. W3C is also responsible for creation of the WCAG 2.0 accessibility guidelines. Web
accessibility evaluation can be described as a process of checking weather a particular website
is accessible for people and determining to what extent it is accessible.
To assure and certify the fullfilment of the accessibility guidelines, miscellaneous accessibility
evaluation methods have been designed. Following Lujan-Mora, S. and Masri, F., web accessi-
bility evaluation methods can be classified into two types: qualitative methods (analytical and
empirical) and quantitative menthods (metric-based methods) [57]. Evaluation methodology
need to include different techniques and maintain flexibility and adaptability toward diverse sit-
uations [4]. Embracing the size of the web resources, it should be also robust and effective. The
abundance of evaluation techniques makes it difficult to choose the most suitable one. Follow-
ing Accessibility Evaluation Methods (AEMs) can be distinguished: conformance review (CR),
subjective assessment, screening techniques, barrier walkthrough, and user testing [56].
Evaluation may be performed automatically, manually or semi-automatically. The difference
between these methods is connected to the degree to which humans are involved in the process of
testing. In case of the automated evaluation, all accessibility tests are conducted automatically
by a testing software. No involvement from the evaluator is needed. For manual evaluation, called
also user-testing, it is a human that tests the website manually with use of given tasks/questions
about its accessibility. The tests may be performed by different users, e.g. accessibility experts,
website users, professional testers. When it comes to the semi-automated evaluation, the website
is analyzed both by an accessibility checker and a human. As a result of the evaluation a
summary of the findings may be provided in form of a description or a quantitative metric – an
accessibility score. All AEM follow a common procedure for evaluation of a website. Figure 2.1
presents the process of evaluation of a website. Evaluation of a website starts with sampling of a
needed number of web pages for checking. Sampling of the pages is needed due to the fact that
evaluation of all web pages may be infeasible because of the large number of pages. In the next
step, an appropriate investigation method is applied to the sampled web pages, e.g. user-testing,
automated check, or both. Optionally, a quantitative metric is applied and an accessibility score
calculated for the website. Finally, an evaluation report about the discovered barriers is created.
2.2.1. Conformance Review
Conformance evaluation determines how well web pages or applications meet adopted acces-
sibility standards. W3C’s WCAG-EM is an approach for determining conformance to WCAG.
The W3C/WAI model of accessibility aims at universal accessibility and assumes that the web-
site conformance to WCAG is necessary.
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Figure 2.1
Process of web accessibility evaluation of a website.
The W3C develops Web accessibility guidelines addressing the three main components:
– Authoring Tool Accessibility Guidelines (ATAG), regarding authoring tools;
– Web Content Accessibility Guidelines (WCAG), that addresses Web content;
– User Agent Accessibility Guidelines (UAAG), which encompasses Web browsers and media
players;
Focusing on Web content evaluation, the current version of WCAG 2.0 is the main guideline
widely accepted that treats on creating accessible content and its testing [58]. WCAG 2.0 de-
fines how to make Web content accessible to people with disabilities. Several layers of guidance
have been defined, including overall principles, general guidelines, testable success criteria (SC)
together with a collection of sufficient and advisory techniques, supplemented with documented
common failures and examples. Current version of WCAG 2.0 consists of four principles of acces-
sibility : perceivable, operable, understandable, and robust. Often the four accessibility principles
are referred as POUR. The principles lay the foundation necessary for anyone to access and use
the Web resources:
Perceivable indicates that all the information and user interface componets must be presented
to the users in a way that they can perceive.
Operable means that the users must be able to fully operate the interface and navigate the
website.
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Understandable defines that information and user interface must be presented in such a way
that allows the users to understand it.
Robust defines that the users must be able to access the content no matter how the technology
evolves.
To help to address the aforementioned principles for people with disabilities, twelve guidelines
refer to particular problems of people with disabilities. Among many existing guidelines, the
ones that affect people more severly have been included. Examples of guidelines implemented
under the first principle – Perceivable are: Text Alternatives, Time-Based Media, Adaptable,
Distinguishable. More information can be found in [59].
Under each guideline, several SC have been defined that outline what must be provided in
order to satisfy the particular standard. SC included in the WCAG 2.0 are designed as testable
criteria, meant to be technology objective. It is worth to emphasize that even though some of
the checking can be performed automatically with help of testing tools, others require human
input to complete the testing.
Figure 2.2 presents a part of the structure for the first principle fromWCAG 2.0 – Perceivable.
Figure 2.2
Structure of WCAG 2.0 on the example of the principle Perceivable.
WCAG 2.0 SC are categorized into three levels of conformance to meet the needs of different
groups and various situations: A (the minimum level of conformance), AA (mid range), and
AAA (the highest level). Level AA assumes that the web page satisfies all the Level A and Level
AA SC. For the Level AAA conformance, the web page must satisfy all the Level A, Level AA,
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and Level AAA SC. Otherewise, an alternate version is provided. The requirement states that
no conformance is possible without at least satisfying all of the Level A SC.
2.2.2. Combined Evaluation Method
Since no method alone is sufficient to provide full-accessibility evaluation, many studies
combine both quantitative and qualitative methods to guarantee more detailed and accurate
results. By using the term combined evaluation method it is understood that more than one
evaluation method has been used for evaluation of web accessiblity. It can be both combination
of quantitative and qualitative methods, as well as a combination of several methods either
qualitatives or quantitatives. Various advantages and shortcomings of each group have been
presented in [57]. Quantitative methods outperform testing because of their usability and quick
results while the manual evaluation provides a hand-on experience from the users. However, it
has been apparent that no one tool alone, can determine if a website meets the requirements
given in Web accessibility guidelines [57]. According to the same authors, a combined accessibility
evaluation method must consist of a user test method and a qualitative metric. User test method
has been selected because of its reliability and effectiveness, while the quantitative metric is
supposed to control and monitor accessibility results.
2.2.3. Quantitative Metrics
In the web engineering field, a metric can be defined as a procedure for measuring a property
of Internet resources such as a web page or a website [9].
When it comes to the web accessibility domain, a metric can express in a quantitative way
among others the subsequent qualities:
– The number of images missing an alt attribute.
– The number of violations of SC on different levels, i.e., Level A, AA, AAA.
– The estimate of possible failure points where accessibility barriers may occur.
– The severity of an accessibility issue.
– The amount of time needed to perform a task.
As an outcome of the calculation of the accessibility metrics, various types of data can be
produced as outcomes. Two main types can be named:
1. Ordinal values – expressing WCAG 2.0 conformance levels (A, AA, AAA), or "accessi-
ble/not accessible" scores.
2. Quantitative ratio values, e.g. 0, 45, 0.85.
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Due to the fact that web accessibility can be defined in different ways, the metrics provide a
feedback based on the assumed definition of web accessibility. Metrics, that have been based on
SC and accompanied techniques are called conformance-based metrics. The conformace-based
metrics evaluate the resources on the grounds of whether SC of given accessibility guidelines
are met. In a situation where the web accessibility is viewed as a property that differs from
conformance, other metrics can be defined. For instance, in case of the Section 508, where
accessibility is defined as "accessible technology (. . . ) can be used as effectively by people with
disabilities as by those without it" [25], accessibility metrics are described as accessibility-in-use
metrics.
Checklists and guidelines have been created to allow for assessment of the quality and relia-
bility of various Internet resources. The purpose of using a quantitative metric is to synthesize a
value that is assumed to convey the level of accessibility. Accessibility metrics help to understand
the accessibility level of websites. Web accessibility metrics can be applied in several areas of
web engineering [9, 45]:
– Quality assurance within web engineering – a fine-grade metric helps to keep track of acces-
sibility during the iterative development cycle and contribute to a better implementation
of the accessibility principles.
– Benchmarking – an accurate measurement is needed that will allow for monitoring of the
accessibility websites or their conglomerates. Also, it becomes an indisposable aid in the
domain of eGovernment.
– Information retrieval systems and search enginees – apart from providing the users with
relevant content, users can be able to retrieve resources that are also accessible. Incorpo-
ration of the accessibility metrics into the searching algorithms may bring a possibility to
sort the websites accordingly to their level of accessibility.
– Adaptive hypermedia techniques – metrics may help to deliver guidance or criteria to carry
out interface adaptations such as adaptive navigation support.
2.2.3.1. A Framework for Quality of Accessibility Metrics
A Framework for Quality of Accessibility Metrics has been proposed by W3C [9] on the basis
of the work contributed by Vigo, M. and Brajnik, G. [45]. For web accessibility metrics, following
quality factors can be established:
Validity
A property defining the extent to which the results obtained by the metric express the accessi-
bility of the website that has been evaluated. Two types of validity can be distinguished, namely
validity with respect to accessibility in use and validity with respect to conformance to certain
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guidelines. While the validity referred to the accessibility-in-use indicates how the interaction
is perceived, the validity with respect to the conformance refers to the specific guidelines and
principles. An estimate of error rate of tools is used for determining the metric’s validity. What
is more, validity is perceived as the most important quality for an accessibility metric according
to the Report on Web Accessibility Metrics [9].
Reliability
Reliability of a metric points to the extent to which independent evaluations yield the same
results. It is widely known that accessibility checking tools produce different results when applied
to the same website. It is due to different coverage of the implemented guidelines as well as its
interpretation [45]. The reliability is related to the ability of the metric to produce reproducible
and consistent scores. It is measured as the extent to which the metric delivers the same results
in changing context e.g. different tools, testers, diverse goals and different time of the evaluation.
Sensitivity
Sensitivity of a metric is a property that estimates how changes in metric results are reflected
in the real changes to the evaluated resources. It is desired for the metric to have a low sensitivity
in order to be robust and applicable to websites with frequently changing content.
Adequacy
Provided that the metric’s validity and reliability are covered and sound, various aspects of
metric’s use are considered. First and foremost, the overall goal of the metric is to provide
the users with a meaningful information about the website’s accessibility. Most importantly the
metrics’s suitability and usefullness for particular users in different contexts. Again, contexts can
be defined twofold: as a purpose of use, and with a distinction to miscellaneous disabilities to
show to what extent the website is accessibility for a particular group e.g. for the blind or people
with motor disabilities. Adequacy assumes as well analysis of the suitability and usefullness of the
metric’s values for users in different scenarios, as well as metric’s visualization and presentation
issues. The type of data used to present the scores, the precision and normalization of the
metric’s values should be taken into consideration.
Complexity
Complexity of a metric expresses how computationally demanding is the metric when it comes
to particular aspects of the resources such as time, memory, computational power. Above that,
the complexity takes into consideration as well human resources that are needed for the eval-
uations, especially for user-testing. When performing automated checking, crawling of large
websites or insufficient storage capacity may become process bottlenecks.
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2.3. Web Accessibility and Dynamic Content
Web pages can be either static or dynamic. Static content means that the web page remains
constant. It does not change each time the page is loaded. Whereas a dynamic web page contains
elements that are changing lively. The difference is that a dynamic web page can be generated
on-the-fly while a static page stays unchanged. Standard HTML pages are considered static. It is
also the case for Cascading Style Sheets (CSS), and Images. Also, JavaScript (JS) files residing
on the server are considered to be static. They can be served equally well by an application server
such as Tomcat, or a web server such as Apache etc. For instance, a navigation menu, or a logo
of the website, would not require any input from users. On the other hand, PHP, ASP.NET
programming, and JSP web pages belong to the group of dynamic web pages. The content
presented to the user is created each time uniqely by the server when the page is accessed. This
type of content is usually dependent on inputs from visitors and their individual accounts [60].
Similar behaviour can be observed when it comes to single-page applications (SPA). They
interact with the user by dynamically rewriting the currently viewed page without loading
complete pages from an external server. An SPA can appear to work as a desktop application,
however interaction with it often combines in dynamic communication with the web server.
Static pages are simpler and more secure than dynamic pages in a sense that it does not
require any code to execute, nor any external database to be accessed. Thus, it is more secure.
Another advantage of static pages is that they are compatible with every type of webserver
technology. Static pages have also their disadvantage – they cannot adjust the content to the
users. In case of dynamic pages, they are capable of adjusting the content to various users from
the same code. That is to say, it can be accustomed to the viewer. The code is generated at the
time they request the page. It exists only at that moment. Another attempt on hitting the same
web page may result in a slightly different content.
For web accessibility testing, this distinction becomes a crucial factor when approaching
the checking task. As it is pointed out in [61], some screen readers may struggle with dynamic
content by not being able to detect changes that were done through modification of the content.
Oftentimes such Javascript libraries as jQuery utilize both DOM and innerHTML methods to
manipulate the content of the web page. The interoperability problem with assistive technologies
may be triggered.
Dynamic content can be seen as a challenge for user testing. It becomes difficult to assess
something that is constantly changing. Different appearance and often slightly different func-
tionality generate possibilities for ambiguities. For the blind and low vision users, unless there
is an audible cue to changes, the updated information is virtually invisible. Furthermore, an
unexpected change of focus may be disorienting when no previous warning is provided. When
performing a web accessibility audit one cannot guarantee that the dynamic page can be awarded
status accessible since the same code may be rendered differently on other devices or browsers
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and cause accessibility barriers. In addition to that, evaluation of dynamic content is tightly
connected with the sensitivity attribute of an accessibility metric. Low sensitivity of a metric is
particularly important when evaluating highly dynamic websites.
Most implementations of the ATT focus on page content that is transferred through the first
HTTP request, which may significantly vary after application of dynamic content techniques.
Fernandes et al. [62] has conducted an experimental study which revealed that there are deep
differences in the accessibility evaluation carried out in command line and web browser (via
bookmarklet) environments. The numbers of detected HTML elements by accessibility eval-
uation procedures varied between checking performed in the command line and the browser.
Therefore, regarding web pages with dynamic content, developers and designers may be faced
with different HTML DOM structures. Additionally, nearly 67% of the analysed cases for com-
mand line environment has yielded false negatives, i.e., those SC that were unable to be applied
in the command line, compared to 13% of false positives, i.e., SC that could be applied in the
command line but not in the browser. It shows that automated web accessibility analysis in the
command line can yield incorrect results, principally on the applicability of SC. That can be
related to the application of Javascript/CSS to the page before the check is carried out.
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Research that produces nothing but
books will not suffice.
Kurt Lewin
3.1. Research Strategy
A complete research strategy needs a few components to be complete [63]:
– Research paradigm – how to approach the research
– Research design – a structured plan of action
– Research problem – a specific goal
3.1.1. Mixed Methods Research approach
Pragmatism became a philosophical foundation for the research. It underpins the mixed
methods approach and separates the study from the concepts leaning solely towards positivism
or interpretivism [63]. A solution to the problems can be pluralistic, yet there is no single
method that can pave the way to arriving at the valid results. In pragmatism, knowledge is
based on practical results and therefore assessed in terms of its usefulness and applicability in
solving the problem [64]. Another reason for choosing mixed methods approach is that empirical
enquiry of an exploratory nature is supposed to test what works best for the approached project.
Additionally, the study done at this point, with a constant technological advance, may become
obsolete one day. Its provisional side is also acknowledged. More information on mixed-method
approach are discussed in [65].
The research is based on a hypothesis from the beginning. Yet, being a novel study, it is
still focused on discovering things through means of the exploratory investigations. Rather than
theory-driven, the mixed methods approach selected for this study is practical, problem-driven.
The benefit of the mixed methods approach is that the data obtained as a result of application
of diverse methods can be complementary. Combined, they provide a more hollistic view of the
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case. Moreover, by taking advantage of contrasting methods, things can be seen from alternative
perspectives, which then can contribute to getting a more complete picture of the subject [65–67].
On the other hand, some of the shortcomings of embracing this research strategy may in-
clude additional resources needed for the project completion or development of extra skills from
qualitative and/or quantitative approaches. Also, there exists a risk that the findings from dif-
ferent methods may not corroborate one another and thus a valid explanation for that might be
necessary.
3.2. Research Design
For the research design, seen as a constructed plan of action, Johnson [67] lays out a mixed
methods research process comprised of eight steps, which follows:
1. Determining the research questions
2. Verifying the appropriateness of using a mixed design
3. Selecting the mixed method
4. Data collection
5. Analyzing the data
6. Data interpretation
7. Validating the findings
8. Drawing conclusions together with research documenting
Selected research design involved a concurrent implementation of the qualitative and quan-
titative methods. When it comes to the paradigm emphasis, a higher priority and weight was
given to the outcomes of the quantitative study. The decision to embed qualitative data within a
quantitative design was made to better understand the challenges of the research problem [64].
Qualitative results provided insights on mechanisms that related variables. In this case, the
different data sets (qualitative and quantitative) are not intended to converge. The Embedded
Design, applied in the study has been explained with aid of the Figure 3.1.
The investigation started with collecting and analysing a relatively small amount of quali-
tative data as an exploratory phase of the research. That helped to explore how the problem
was perceived in the research environment and provided some external thoughts on the possible
solution. In the meantime, an introductory investigation with use of the quantitative methods
would be embarked on.
To link the quantitative data obtained from the WTKollen Checker and the User-testing
tool, a concept of data triangulation was utilized.
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Figure 3.1
Embedded Design Procedures. Qualitative methods were embedded in quantitative study.
In case of this research, qualitative data is treated as subsidiary to the quantitative one.
The qualitative part was supposed to complement the current state-of-the-art and provide with
hints on possible directions for the study. The rationale for using the contrasting methods is
the novelty of the study one one hand, and the practical case of the WTKollen checking tools,
linked to this research. Both methods are interlinked in such a way that the output from the
qualitative part became an input for the further process design and quantitative approach.
3.3. Research Methods
3.3.1. Triangulation
Triangulation can be defined as a combination of methodologies in the research of the same
phenomenon [68]. Coined by Denzin [69], the term describes a process of studying the problem
utilizing miscellaneous methods to get a broader perspective [70].
According to Flick [71], triangulation can have four distinctive forms: triangulation of data,
investigator triangulation, triangulation of theories and methodological triangulation. For this
study, triangulation of data and methodological traingulation were used.
Triangulation of data– combining data from different sources and at different time;
Methodological triangulation– applying divergent methods to data for the sake of increased
validity and broadened overview.
Applying the triangulation can result in an increased knowledge about the studied subject
in form of the improved accuracy, as a mean of validation. Another outcome of triangulation is
a better picture, that enhances the completeness of the findings. In this case, a triangulation of
data generated by the ATT (the checker) and the UTT (bookmarklet) was employed to com-
plement the results from one evaluation methods with results from the other one. The purpose
of applying triangulation was to obtain different but complementary data on the same topic to
better understand the level of accessibility. User testing captured different aspects of accessibil-
ity that the automated check could do. Data provided by the ATT was in a quantitative form,
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while the results from the UTT were in qualitative form. Figure 3.2 presents the idea of data
triangulation applied in this research. The results from manual and automated testing were col-
lected during the same time frame and with equal weight. The data transformational model [64]
was chosen to combine the qualitative measures from UTT with quantitative generated by ATT.
After the initial analysis, the qualitative findings were quantified to allow the data to be mixed
during the analysis stage and facilitate the interrelation.
Figure 3.2
Triangulation of data generated with use of UTT and ATT. Interpretation of the results is
based on quantitative outcomes from the checker (ATT) and qualitative results from the book-
marklet (UTT), which have been quantified beforehand.
3.3.2. Qualitative Methods
In the first phase of the study, qualitative reseach was carried out by conducting interviews
with a group of researchers and accessibility experts acquainted with accessibility concepts.
The aim of the interviews was to understand more the challenges of the accessibility results
integration and to gather the ideas on how to accomplish the task. The interviewees involved in
the process were the researchers working either directly in the web accessibility field or in related
fields, e.g. universal design, usability, and acquainted with topic of this research. A series of the
semi-structured interviews was done with use of the following questions prepared beforehand:
Question 1.
What do you think about the idea of combining different evaluation methods?
Question 2.
What kind of possible challenges can you see in the integration of manual and automated
accessibility testing?
Question 3.
On which level should the integration be performed in your opinion? (websites/web pages/indi-
vidual tests/page object elements or maybe the guidelines)
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Question 4.
What impact the dynamic content can have on combined accessibility evaluation?
Question 5.
Which presentation form of combined evaluation would be more preferable for users? Graph-
s/numerical scores?
3.3.3. Quantitative Methods
The second stage encompassed testing various approaches for combination of the results using
real data gathered from the WTKollen checking tools: the checker and the UTT bookmarklet.
Quantitative methods utilized for the study emphasized objective measurements and a numerical
analysis of data collected from the ATT and UTT.
Data triangulation were applied to the results coming from the checker and the bookmarklet.
Combining the qualitative data, in form of manual accessibility evaluation results, with the
quatitative data, given as an output of automated testing tools, called for a structured method
of integration.
3.4. Integration Approach
Different approaches to combination of manual and automated evaluation results were tested
in the experiment. To be able to integrate two sets of data, there has to exist a common ground
between them. It can be imagined as a bridge linking one bank of the river with another.
In case of the accessibility evaluation, an accessibility guideline can be seen as a connecting
bridge since both automated and manual test sets have been created on the ground of particular
guidelines. Whether it is the WCAG, Section 508, or any other international/national standard,
the principle remains the same. A crucial assumption to this approach is that both of the tools
support the same guideline, as it is the case for the WTKollen tools.
Various levels of integration have been considered. Aggregation can be seen from two per-
spectives: considering the components that a website is built of i.e., its structure, or choose to
look at the evaluation scheme comprised of the tests associated with SC. Figures 3.3 and 3.4
illustrate the discussed concepts of the aggregation levels.
Concievable levels of integration with regard to Document Object Model (DOM) structure :
– Website
– Web page
– Element on page
Possible levels of integration with regard to evaluation scheme from the guideline:
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– SC from WCAG 2.0 for the above
– Individual test result for the above aggregations
Grounding the integration of the evaluation results on the object level would be beneficial to
creating a more exact report about page elements that cause accessibility barriers. The current
implementation of the ATT does have the functionality of showing code snippets. However, the
UTT bookmarklet lacks this component for the time being.
Figure 3.3
Overview of the possible levels of aggregation considering accessibility guidelines. Starting from
the most general one – the standard level, it can be boiled down to the test level, through
principle, guideline and SC levels.
For this research project, WCAG 2.0 was decided to become a bridge connecting manual
and automated evaluation, owing to the common practice of its use both in ATT and UTT.
Subsequently, further integration of the results was conducted on a more detailed level of the
guideline, that is SC. Both ATT and UTT tests have been built on the Perceivable, Opera-
ble, Understandable and Robust (POUR) principles from WCAG 2.0 and can be linked to the
appropriate SC.
Integration of the accessibility assessment can be expressed in many ways. The study pro-
pounds taking a closer look on the numerical aspects of integration by developing a score calcu-
lation function and further on the graphical possibilities for accessibility results illustration.
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Figure 3.4
Overview of the levels of aggregation regarding the DOM structure. Results can be integrated
on the page element level, as well as on web page or website level.
3.4.1. Unified Accessibility Score
During the study, two viable approaches for the integration were identified. Figures 3.5, 3.6
present a graphical illustration of the unified score calculation approaches. The first difference
between those approaches lies in the stage, when the integration takes place. One approach would
be to combine the separately calculated scores on the web page level i.e., after the calculations
have been done for the ATT and UTT. In this case, two independent accessibility scores are
calculated, and the integration is performed on the accessibility scores. Figure 3.5 shows the
process of the scores integration. However, there arises a question at this point: How should the
scores be treated? Should they be simply combined using an aritmetic mean or maybe a better
solution would be to apply SC as weights, similarly as it is proposed in [12] for the page score
calculation?
The other possibility would be to follow the concept of results integration and score calcula-
tion on the SC level. Figure 3.6 indicates the notion of the idea. For this solution, there emerged
two probable paths. The first one would propose score calculation based on the results from
mutual SC i.e., only those that were applied during manual and automated evaluation. Whereas
the second option would be to use a union of SC. The advantage of the first solution is that
the score would then mirror the common barriers detected by the two evaluation approaches.
What is more, it may support the QA of the evaluation process. This can be seen as a mutual
validation of the tools to some degree. The score would be more grounded, unified, inasmuch as
two independent tools have yielded corroborating results. Nonetheless, the disadvantage of this
path can be that the score would reflect a smaller spectrum of the accessibility barriers present
on the website. That can be perceived as a downside when the assumed priority of the testing
is to discover as many distinct barriers as possible, as well as the amount of those present on
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Figure 3.5
Scores integration
Figure 3.6
Results integration.
the web page. Computing the score using all the data provided by both tools can lead to a
more complete coverage of the accessibility issues, where one tool supplements the findings of
the other one.
Taking into consideration the identified pros and cons, it is proposed to empirically test the
possible approaches to the accessibility testing integration.
3.4.2. Accessibility Metric for Unified Score
Current accessibility score function for the ATT has been described in details in [42] and
can be further refered to the Integration Methodology proposed by Nietzio and Berker [12].
Accessibility score for a single page is calculated as an average of the SC-level page results.
Then, the score for a website is computed as a weighted mean of accessibility scores of all web
pages belonging to that website, where numbers of test instances serve as mean’s weights.
With the novel approach to web accessibility evaluation, that involve combination of manual
and automated results, it is proposed to adjust the score fuction. Depending on the adopted
integration approach, three approaches can be distinguished for further investigation:
1. : Unified Score by ATT and UTT scores integration – scores integration approach
J.M. Mucha Combination of automatic and manual testing for web accessibility
3.4. Integration Approach 39
2. : Unified Score via results integration – intersection approach
3. : Unified Score via results integration – union approach
Let p denote a web page, c a SC, and C the set of SC for which there have been carried out
tests at the checking stage. Additionally, S(p)ATT represents the page score from the ATT for
the web page p, S(p)UTT the page score from the UTT, and U(p) an unified score for the page
p.
Calculation of the score for a single web page (Approach nr 1: Scores Integration)
In the first case: scores integration, it is suggested to be calculate the score as a weighted
mean of the ATT and UTT scores. Equation 3.1 presents the proposed formula.
U(p) = S(p)ATT ∗ |CATT | + S(p)UTT ∗ |CUTT ||CATT |+ |CUTT | (3.1)
Calculation of the score for a single web page (Approach nr 2: Intersection Approach)
For the case number 2, where the results are integrated on the intersection of SC applied
for UTT and ATT, formula given by the equation 3.2 is applied. The remaining SC are not
considered for the score calculation.
U(p) = 1|Cm|
∑
c∈Cm
Sc(p), (3.2)
where Sc(p) denotes the intermediate result per c on page p, and Cm = CATT ∩ CUTT .
Calculation of the score for a single web page (Approach nr 3: Union Approach)
The last, third case, assumes results integration on the basis of the union of SC from the ATT
and UTT. Assigning S(p)m to the page score calculated on the basis of mutual SC that were
applied in testing phase both by UTT and ATT, following formula 3.3 yields:
U(p) = S(p)ATT ∗ |CATT | + S(p)UTT ∗ |CUTT | − (S(p)m ∗ |Cm|)|CATT |+ |CUTT | − |Cm| (3.3)
Calculation of the Unified Score for a single website
Eventually, an accessibility score for a website s, where s = {p1, p2, . . .} is computed as a
weighted average of page scores, given by the formula 3.4. A number of all instances within page
p, where tests for c were applied is denoted by nc(p). Subsequently, Np =
∑
c∈C
nc(p) refers to
the number of test instances for the page p, and Ns =
∑
p∈s
N(p) within the website s.
S(s) =
∑
p∈s
N(p)
N(s) U(p) (3.4)
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3.4.3. Quality Assurance for the proposed metric
In order to confirm that the proposed novel metric can be deployed, the quality of the metric
needs to be assessed. For the quality assessment, a framework proposed by WAI group [9] was
selected. As mentioned in the previous chapter, the framework lays out the guidelines on how to
approach the five metric’s quality characteristics, i.e., validity, reliability, sensitivity, adequacy
and complexity. It indicates the facets of the metric which should be deeply investigated.
To address the metric’s validity, following questions were askedin the QA process:
• Does validity of the metric change when the underlying accessibility guidelines are
changed?
• Does changes in number of the SC influence validity of the metric?
• Is validity dependent on the genre of the website?
• Does the type of the data being provided by the testing tool affect validity?
• Does validity depend on the tool utilized to collect data? What in case of providing merged
data, coming from different testing tool?
• Are there any quick ways in which validity of the metric can be estimated?
When it comes to the second characteristic – reliability, relevant questions were:
• How results of the accessibility assessment of a particular website vary when produced by
different tools?
• How applying another set of guidelines change the metric scores when used for evaluation
of the same website and with the same tool?
• What impact has page sampling on the metric scores?
• How does reliability change when fed with data delivered by two or more different tools?
• What kind of correlation between reliability and validity can be found, if at all?
Other qualities, such as sensitivity, adequacy and complexity, were also taken into consider-
ation when evaluating the metric’s quality. Subsequent questions were pondered:
• For sensitivity – Which accessibility barriers could have a more or less strong impact on
conformance?
• For adequacy – Are the values produced by the metric suitable and useful for the users,
considering different scenarios? How should the results be presented or visualized?
• Finally for complexity, a few research questions can be named:
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– Does complexity on a metric guarantee more valid and reliable accessibility evaluation
results?
– Are there any trade-offs that can be made in order to lower the complexity of the
metric?
– Is the metric difficult to adopt and deploy?
3.5. Experiment Design
The purpose of the experiment was to answer the established research questions RQ1-RQ3.
3.5.1. Experiment Environment
The accessibility results were generated with use of the tools developed in the WTKollen
project. For automatic evaluation, the ATT checker [72] was deployed. The checker assumes test-
ing and score calculation based on the SC from the WCAG 2.0, level AA. 44 HTML accessibility
tests, mapped to the 27 SC were available for testing against accessibility violations.
For manual testing, the UTT bookmarklet tool [73] was put to work. The bookmarklet
encompasses a set of 13 applicable questions presented to the user with regard to the content on
the page. The questions are grouped into 10 tests. The manual tests can be matched against 15
SC, 11 of which corresponding to the WCAG 2.0 level AA. Apart from that, the tool contains
two additional tests satisfying the requirements of the Swedish National Guidelines for Web
Accessibility – Webbriktlinjer [74], which WCAG 2.0 does not entail. An explanation for using
this particular tool for evaluation comes with the fact that at the time of evaluation no other
UTT tool with an API is known.
3.5.2. Dataset
Two sources of data were used for the data collection. Appropriately, from interviews and
from the checking tools.
3.5.2.1. Interviews
The target group to reach out were the researchers conducting studies in the accessibility
field. The interviews were carried out via Internet media such as web teleconferences, email ex-
change and Skype. The investigation abided by the research ethics rules such as data protection
laws and confidentiality of information. In accord with these principles, the informants were
guaranteed anonymity and given free will to respond the questions. The task of information col-
lecting were approached with a self-put rule, which stated that the interest of participants should
be protected. All of the research subjects were informed about the purpose of the interviews
and gave a clear consent to participate in the study. All of the quotations were included in the
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thesis after the interviewees’ review. The interviews were approached with awareness that there
is confidentiality involved and privacy policy, which protects the solutions. It was acknowledged
as a part of the reality and the research limitations the researcher faces.
3.5.2.2. Accessibility Evaluation Results
A few general requirements were imposed for a valid dataset:
1. The same set of web pages used for manual and automated testing
2. Web pages coming from the same website
3. Manual and automated accessibility evaluation was conducted with no more than one week
inbetween
The data used for the research consisted of two sets of web pages selected from two inde-
pendent websites. The sets contained five and ten web pages appropriately. The criteria set for
selection of data, imposed that the website had to be in English due to the manual evaluation
purposes, as English was commonly-understood. Set number one, labelled by S encompassed
five static web pages selected from the http://eksempelsamling.medialt.no/ website.
The website aims at providing simple examplary pages for web accessibility testing. Table 3.1
lists out the elected static web pages. Page S1 contains a Norwegian anthem text with some
images, page S2 plain text, page S3 lists out a few facts about Norway decorated with an image,
page S4 hits page not found landing page, while page S5 contains a newsletter subscription form.
Table 3.1
Static web pages used for the experiments.
ID Web page url
S1 http://eksempelsamling.medialt.no/wcag-errors/p001.html
S2 http://eksempelsamling.medialt.no/wcag-errors/p003.html
S3 http://eksempelsamling.medialt.no/wcag-errors/p006.html
S4 http://eksempelsamling.medialt.no/wcag-errors/p008.html
S5 http://eksempelsamling.medialt.no/wcag-errors/p011.html
Let us denote D as a set of web pages with a dynamic content, chosen for the experiments
from the United Nations’ (UN) website http://www.un.org/en/. Table 3.2 outlines web
pages belonging to the set D. The set D was required to contain the main page, contact page
and ’about’ page, due to the fact that most of the websites utilize CMS templates for those
standard pages. The rest of the web pages were selected randomly and contained daily news,
articles and blog posts.
3.5.3. Data Preparation
Before approaching the analysis of the data, some preparatory actions were taken:
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Table 3.2
Dynamic web pages used for the experiments.
ID Web page url
D1 http://www.un.org/en/index.html
D2 http://www.un.org/en/contact-us/
D3 http://www.un.org/en/about-un/
D4 http://www.un.org/en/events/waterday/
D5 http://www.un.org/sustainabledevelopment/blog/2017/11/cop23-liveblog/
D6 http://www.un.org/en/sections/general/meetings-and-events/index.html
D7 https://www.un.org/press/en
D8 http://www.un.org/en/sections/issues-depth/climate-change/
D9 http://www.un.org/en/sections/issues-depth/women/index.html
D10 http://www.un.org/en/women/endviolence/
– Both static and dynamic web pages were verified on the code level in order to confirm that
they fulfilled the criteria of static/dynamic pages. More information on dynamic content
can be found in Chapter 2, Section 2.3.
– Datasets S and D were automatically tested by the researcher with use of the checker. As
a result of that, two new data sets were identified, namely SA and DA.
– Two additional datasets, SM and DM were created by manual testing with help of the
UTT bookmarklet. The manual assessment was performed by the researcher with an ac-
cessibility background. All sensitive information collected by the tool during evaluation,
like ip address or user-agent, were left out due to the data protection policy.
3.5.4. Experiments Procedure
Figure 3.7 depics the steps that were undertaken in the experiment. Usually, with a larger
set of web pages, the process of website accessibility evaluation starts with web crawling in order
to download a set of URLs. The URLs are then simultaneously stored in the database and sent
to the sampling module, where uniform random sampling without replacement is applied. For
this study, the process of sampling was beyond the scope. It was assumed that the pages elected
for the experiment were the sample pages chosen for evaluation at the sampling stage. In the
next stage, the sample of the selected data was sent to the following testing component. The
data were then evaluated both automatically with use of the ATT and manually by being tested
by a human.The results of the assessment were stored in the database and some QA employed.
In the end, integration actions were applied and a new unified accessibility score computed.
The experiment involved an empirical study of the unified score calculation approaches,
resulting in score calculation by utilization of outlined in 3.4.2 accessibility metrics. For each
dataset created for the experiment, the accessibility scores were calculated three times using
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examined approaches to integration: Score Integration approach, Intersection approach, and
Union approach.
Figure 3.7
Workflow of manual and automated accessibility evaluation integration process.
3.5.4.1. Accessibility score for manual testing
In order to approach the task of score calculation of the UTT results, the manual tests
implemented in the tool had to be assigned to the relevant SC from WCAG 2.0. The tests have
been implemented in such a way that there exists a m:m – multiple-to-multiple relationship
between a single test t and a SC c. Figure 3.8 presents the type of the relationship.
A framework for score calculation of the manual accessibility test results was proposed with
the following table as a basis for calculation. Table 3.3 presents a matching between the imple-
mented UTT tests, WCAG 2.0 SC and the Webbriklinjer.
Having established the mapping relations between SC and the implemented tools, manual
evaluation was conducted on the sets S and D to create the subsets SM and DM . Following
the proposed integration approaches Approach 1 – Scores Integration, Approach 2 – Intersection
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Figure 3.8
A multiple-to-multiple relationship between a test t and a SC c. One test can be linked to none
or many SC, while one SC has to be related to at least one test.
Table 3.3
UTT test id indicates a test identifier. Question id points to the atomic question presented to the
tester. Success Criteria informs about the test reference to the WCAG 2.0 SC. Webbriktlinjer
shows the connection between a paticular test ti to the Webbriktlinjer.
UTT Test id Question id Success Criteria Webbriktlinjer
t1 q1 3.1.3, 3.1.4, 3.1.5 10
q2 3.1.3, 3.1.4, 3.1.5 10
t2 q3 - 24
t3 q4 - 51
t4 q5 2.4.6 61
t5 q6 1.4.4 91, 111
t6 q7 1.4.4, 2.1.1, 2.1.2, 2.4.3, 2.4.7, 4.1.2 34
q8 1.4.4, 2.1.1, 2.1.2, 2.4.3, 2.4.7, 4.1.2 34
t7 q9 1.4.8 91, 111
t8 q10 1.2.2, 1.2.4 -
q11 1.2.2, 1.2.4 -
t9 q12 1.1.1 115
t10 q13 2.4.2 115
approach, and Approach 3 – Union approach, outlined in 3.4.2, the accessibility scores were
calculated for each subset.
3.5.4.2. Accessibility score for automated evaluation
Automated assessment of a page was immediately commenced after the manual check of
that web page to simulate as much as possible concurrent testing. For the calculation of the
accessibility score for automated evaluation, the established score function from the EIII project
was used. The function is currently utilized in the ATT. As a result of the checker testing of the
sets S and D, subsets SA and DA were obtained and the scores computed.
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3.6. Quality Assurance
QA of the accessibility checking is an intricate part of the web accessibility assessment. In
fact, there is no guarantee at all that the evaluation results are valid 100%. Since no ready-made
implementation that would be flawless is available to the checker or the tester, it is hard to
return a verdict. How can one state that the results are sound if they do not have the solution to
compare with? That remains a situation when trying to do QA of the accessibility test results.
Assumptions are the foundation of automated testing. ATT searches for symptoms of acces-
sibility violations. Every automated test works on assumptions in one way or another. What is
considered inaccessible by one tool, may be at the same time regarded as allowed by another
accessibility checking tool. Accessibility checkers mostly cannot unanimously determine whether
a SC was met or not. The absence of issues highlighted by a tool does not state that the website
has no accessibility problems. It means that that tool has not encountered any. The aim of the
tool is to provide its user with a notion of the potential obstacles. However, there exist actions
that can be taken in order to verify whether the produced results are viable or not.
First step of the QA was undertaken after the testing had been finished. In case of the
automated testing, the following QA criteria have been applied:
– Verify that all evaluated web pages have gotten the check results.
– Verify a sample code excerpts from a few individual pages to see if the results provided by
the checker reflect the actual accessibility barriers present on the page.
When it comes to manual testing, the task of QA was also conducted. Special attention was
put on verifying the quality and completeness of the provided input.
For the QA of the propounded integration approaches and the score calculation metrics
some aspects were considered. Due to the novelty of study, hence not many reference points, the
experimental nature of the research limits possibilities for validation. In fact, the only reference
that can be made is the score from automated checking, which can be considered stable and
reliable enough. However, the score obtained as a result of integration expounds it evaluation
territory to the greater coverage thanks to incorporating the manual testing outcomes. This
contribution to the score computation makes the comparison less deciding in terms of validation,
yet still interesting to explore the relationship between the automated and the integration scores.
The automated score cannot be tantamount to the decision of the integration score correctness,
but still valuable to look at.
Similar is the case for the validation of manual score calculation. That is to say, automated
score provides a taste of the accessibility state of the page, yet it is not a determinant of its
accuracy [5].
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3.7. Summary
Following methods were used in this thesis as aid in order to answer the research questions
posed at the begining of the study. Table 3.4 lists the methods together with the purpose of
their application and associated research questions (RQ).
Table 3.4
Methods used in the study and their relationship to the research questions.
Method Purpose RQ(s)
Interviews To understand the challenges and gather ideas about integration RQ1, RQ2, RQ3
Descriptive statistics To explore the central tendency and understand datasets RQ1, RQ3
Boxplot To understand the spread and variation of the accessibility results RQ1, RQ3
Scatter plot To understand the assosciacions between the pairs of the scores RQ1
Correlation (Pearson) To measure the strength of the relationships between the scores RQ1
Euclidean distance To investigate the difference between the evaluation RQ1
results computed with use of different AEMs
Manual page inspection To check whether the same page elements have been RQ1, RQ3
evaluated both by ATT and UTT
Metric’s quality validation To examine the properties of the proposed web accessibility metric RQ2
Accessibility Pie Chart To present the evaluation results visually RQ2
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4. Results
4.1. Interviews
Interviews have been conducted as a qualitative part of the study. The aim of the interviews
was to provide the study with remarks on possible directions, understand the challenges of the
manual and automated evaluation methods integration. Also, the purpose was to get to know
the opinion of the accessibility experts about the undertaken endeavour.
In total, seven interviews have been carried out. The interviews were standardized, open-
ended, which means that the users were asked the same questions and given freedom to answer
the questions. Two of the interviews were conducted via Skype, three via email exchange and
one over the phone. All interviewees were the researchers actively working in the area of web
accessibility, universal design and usability.
The interviews have served as a method to answer the research questions RQ1, RQ2, and
RQ3. The responses were gathered and analyzed with regard to the research questions they
refered to.
RQ1: How to combine automated and manual evaluation of web accessibility?
Analysis:
The interviewees were all in agreement that despite being a difficult task, combining au-
tomated and manual evaluation of web accessibility is important and necessary since different
methods are able to expose different types of issues. What is more, it was emphasized that
automated tools cannot find all accessibility barriers. Moreover, not only combining manual and
automated evaluation, but also combining various methods for manual evaluation as well as dif-
ferent tools for automatic evaluation, would be beneficial. Following things have been identified
by the responders as possible challenges of manual and automated methods combination:
– context/situation and current state of the manual tester
– order of checking manually may influence the evaluation results
– format of data and test results may be problematic to merge
– in case of manual testing, different evaluators produce different accessibility results
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– a great amount of pages to check may impede manual evaluation and further integration
– going beyond the paradigm where there is performed an assessment by the tool and a
report is generated
– going beyond the static evaluation of the page, i.e., also testing scripts, watching the
behaviour of the page
– it may be challenging to supplement automatic testing with manual check 1:1 due to the
very time-consuming nature of manual testing
– understanding what type of accessibility issues each of the methods can identify
As the responses showed, the interviewees referred mostly to the challenges related to dy-
namic content, subjectivity of the manual evaluation and feasibility of manual evaluation of
a great number of pages. Additionally, the attention was paid as well to extending the usual
evaluation, which focuses on the checking the conformance manually and provide a broader
perspective on the real accessibility of the website.
The interviewees were also asked about the level of possible integration, whether the results
should be integrated on the level of websites, web pages, page objects or maybe accessibility
guidelines. Two third of the responders pointed out that the level depends on the intended use.
It was suggested by one of the researchers that the tools should provide a sample of pages and
ask questions to the users about the cases in which the statement could not be made by the
tool. Another interesting approach was proposed by an accessibility expert Giorgio Brajnik:
“One approach would be to extract widgets from the pages and base the evaluation on
behaviour testing of these widgets. Combining this novel way of thinking, perhaps with neural
networks could better address the challenge of dynamic content evaluation.”
Knowing the potential of neural networks, this idea could be perhaps put as a future work.
RQ2: How to express the integration results in a quantitative way and present them visually?
Analysis:
Most of the users answered that the way of presenting the results depends very much on the
intended audience. It became clear from the interview with the Technical Director of Accessibility
Foundation in the Netherlands and known accessibility expert Eric Velleman, that generally users
prefer graphical visualizations to textual information. Yet, as the author underlines, all depends
on the users:
“Generally, all depends on the target group. The users or policy makers do not need the
statistical details to know that the page is accessible enough. However, the developers would
probably like to delve into the data and see what exactly causes barriers and in that case
numerical results would be handy.”
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The intended use of the data were indicated together with the purpose what do the users
need the data for.
RQ3: What is the impact of the dynamic content on the integration results?
Analysis:
The interviewees accentuated that dynamic content has a significant impact on the evaluation
results as it is where the tools differ in responses. It is a challenge to ensure that the same content
is evaluated. Facebook may serve as an example. The content feed is changing with each page
refresh. Having that in mind, it was pointed out that dynamic content is a good argument for
mixed evaluation, where the automated testing stands back quantity and manual takes care of
quality of the evaluation.
Summary:
The answers of the responders were taken into consideration for the further design of the
quantitative experiments. More focus in the study was put on the key aspects of integration
underlined by the interviewees. The way of presenting the results was designed in a way to
best suit the needs of the target group. The challenge linked to the evaluation of the dynamic
content was acknowledged. The interviews have contributed to the better understanding of the
endeavour. Moreover, through the interviews, the experts provided inspiration for the ideas of
future research avenues to take.
4.2. Data Triangulation
Accessibility evaluation results from the ATT are quantitative in form of a number of ap-
plied accessibility tests and their outcomes with the distinction for passed, verify, failed. On the
other hand, UTT bookmarklet produces qualitative data of a categorical character: pass/fail/in-
complete. In order to link the outcomes of the ATT and the UTT accessibility evaluation, the
concept of data triangulation was utilized for combining results from ATT and UTT. The first
step that was taken in that direction was to quantify the qualitative UTT results. The pass and
fail possible user responses were assigned binary values, based on the context of the accessibility
question. The responses with status incomplete were excluded from the score calculation. Ta-
ble B.1 in the Appendix B presents the questions from the UTT and possible user answers that
got assigned numerical values.
4.3. Data description
An introductory QA of the data was conducted. All of the evaluated pages were tested by
the checker. Additionally a few individual pages were inspected for the soundness of the results.
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In case of manual testing, the completeness of the answers was verified. It turned out that there
were missing two responses about the alt text of the pictures for pagesD9 andD10. It was decided
not to remove those pages for the sake of the observation how the missing results influence the
accessibility score after integration. When it comes to the quality of the assessment, the provided
input was of high quality.
The produced final data consists of two data frames containing calculated accessibility scores
of two sets of web pages (S and D) with use of five evaluation methods as indicated in 3.4. The
methods namely ATT, UTT, Scores Integration approach, Intersection approach and Union
approach are referred hereafter as features while the single web pages are referred as observations.
The main focus was put on understanding the relationships between the data features more
than investigating the relationships among the observations. Yet a simple descriptive statistics
is provided to give the notion of the central tendency measures. In order to better understand
the dataset, Exploratory Data Analysis (EDA) has been applied. More information on EDA can
be found in [75]. Figure 4.1 presents a brief summary of the accessibility scores among web pages
from the set D. All of the attributes are quantitative variables of a discrete character.
Figure 4.1
Table shows a summary of evaluation results of the dataset D. Considered methods of score
calculations were used for testing.
att utt integration intersection union
Min. : 82.73 70.76 77.37 81.85 80.28
1st Qu.: 85.10 80.38 84.90 94.14 85.74
Median : 87.29 97.89 92.04 96.83 91.80
Mean : 88.83 90.30 89.49 94.54 90.16
3rd Qu.: 92.37 99.58 93.58 98.51 94.33
Max. : 97.18 100.00 98.50 99.46 98.27
Similarly for the dataset S, the central tendency measures are presented in Figure 4.2.
Boxplots analysis
In the studied case, the values of the ATT scores are not spread a lot, while variation of the
UTT scores proved to be high for the set D. Considering these two variables, Union approach
seems to be the least prone to the changes of UTT Score values among the three investigated
AEMs. An interesting behaviour of the Intersection score can be observed in both cases. The
interquartile range (IQR) for the Intersection score calculated for dataset S is significantly bigger
than for others boxplots. There arises a question how does the spread of the UTT values influence
the Intersection score? According to the statistics presented in Figure 4.3 the bigger IQR for
UTT score, the less spread are the values for the Intersection score. Yet, there is not so much
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Figure 4.2
A summary of evaluation results of the dataset S. Accessibility scores were calculated with use
of the investigated in this study AEMs.
att utt integration intersection union
Min. : 55.04 38.89 45.81 47.29 46.05
1st Qu.: 84.44 93.45 89.36 74.75 87.11
Median : 86.89 95.83 94.04 88.89 94.39
Mean : 84.64 85.40 84.90 81.13 84.33
3rd Qu.: 96.83 98.81 97.37 96.97 96.21
Max. : 100.00 100.00 97.91 97.73 97.88
difference of the ATT between the datasets. Taking these two observations and recalling that
the Intersection score is calculated on the basis of common SC from ATT and UTT evaluation,
it is noticed that there is no rule stating that the more agreement between the ATT and UTT
tools, the higher the Intersection score. Besides, medians for Integration and Union scores are
nearly the same in both datasets.
Scores for single pages
The calculated scores for the single pages were separately analyzed one by one. Figure 4.4
presents the results graphically for the dataset S. Apart from the results for the page S1 the
ATT and UTT tools yielded similar notes for the accessibility of the pages. The Union score
and the Integration score resulted in close values. The Intersection score varied most compared
to the two remaining methods of the combined score calculation.
Similarly, the scores for pages from the dataset D were inspected and the results depicted
in Figures 4.5 and 4.6. Evaluation results for the dataset D were less spread within than the
scores in the dataset S. For the pages which received similar evaluation by ATT and UTT,
all three approaches to combined score function produced nearly equal results, for instance for
pages S1, D5 or D4.
Scatter plot matrix
In order to understand the associations between the calculated scores, a scatter plot matrix
was created. Figure 4.7 and 4.8 present graphically relationships between pairs of scores for sets
D and S.
For the set D there can be observed a positive trend for the relations (ATT-Integration,
ATT-Union, UTT-Integration, UTT-Union). It is a moderate relationship and it follows a linear
pattern. The strongest association between the variables is noticed between Union and Integra-
tion scores. For the Integration and Union approaches, the trend curves for ATT and UTT are
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Figure 4.3
Graphical illustration of the spread of the score values by evaluated AEMs for the dataset
evaluated datasets S and D.
very similar in a sense that the relationships UTT-Integration and UTT-Union resemble each
other. Likewise ATT-Integration and ATT-Union. Quite many outliers can be observed in the
relationship between ATT and UTT, which suggests that ATT results were not always aligned
with the UTT results.
When it comes to set S, all of the relations have positive direction of a linear shape. A
stronger relationship between the variables can be observed. Compared to the dataset D, rela-
tionship between ATT score and UTT score is stronger, with no outliers. That could probably be
explained with differences of automated and manual evaluations of the dynamic content present
on the pages in the dataset D. Another possible explanation could be the quality of the manual
testing, where the tester could have missed out some barriers. Integration Score behaves itself
similarly when being the dependent variable against the ATT and UTT scores. The same pattern
can be noticed for the Union Score dependent on ATT and UTT scores.
Looking at the data holistically, in case of the set D, much weaker associations are present
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Figure 4.4
Individual presentation of calculated scores with use of five AEMs: ATT, UTT, Score Integration,
Intersection, and Union for the dataset S.
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Figure 4.5
Individual presentation of calculated scores with use of five AEMs: ATT, UTT, Score Integration,
Intersection, and Union for the pages D1 −D6 from the dataset D.
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Individual presentation of calculated scores with use of five AEMs: ATT, UTT, Score Integration,
Intersection, and Union for the pages D7 −D10 from the dataset D.
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Figure 4.7
The matrix presents a pairwise study of relations between calculated scores using examined
AEMs-(ATT, UTT, Score integration, Intersection, and Union) for the dataset D.
than for the set S. Moreover, the relationships between computed scores for the dataset S show
more linearity than for the dataset D.
Correlation between accessibility scores
In order to measure the strength of the relationships between particular accessibility scores,
Pearson’s correlation coefficients for the computed accessibility scores were calculated. Fig-
ures 4.9 and 4.10 show the correlation panels for the datasets S and D, respectively.
From the point of the study, the most interesting relationships to investigate were the rela-
tionships between the ATT/UTT and the combined scores (Scores Integration score, Intersection
score, and Union score). By this mean, it can be understood how changes in the ATT/UTT scores
are reflected in the combined scores. Little knowledge for this research is gained by analyzing
the correlations between the combined scores. In case of the dataset S, a very strong positive
relationship was noted – in all cases r value = .90. For the dataset D, strong positive relation-
ship (+.40−+.69) was observed between the ATT and Scores Integration score (+.49), ATT and
Intersection score (+.54), and ATT and Union score (+.55). It suggests that the ATT results
determine significantly the integration scores. Analysis of the correlation coefficients between the
UTT and the integration scores revealed very strong positive relationships between the UTT
and the Scores Integration score (+.95) as well as the UTT and the Union score (+.92), which
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Figure 4.8
The matrix gives an overview of a pairwise study of relations between calculated scores using
examined AEMs for the dataset S.
proves that the UTT outcomes influence more the Integration and the Union scores than the
ATT results. A negligible negative relationship was found (−.17) between the UTT and the In-
tersection scores. At the same time, there was observed a negligible positive relationship between
the ATT and the UTT scores (+.18).
Euclidean distance between accessibility scores
Euclidean distances between the accessibility scores were measured. The purpose of this in-
formation was to investigate the difference between the evaluation results computed with use of
various AEMs. Figures 4.11a and 4.11b present graphical heatmaps representing the Euclidean
distance between pairs of the accessibility scores: ATT, UTT, Scores Integration, Intersection,
and Union scores for the dataset S and D.
The results for the the dataset S showed that the biggest distance was noted between the
ATT and the UTT (23.13), while the shortest one between the Scores Integration and the Union
scores (2.57). It was observed as well that the ATT score leaned more towards the Union score.
Conversely, the UTT was closer to the Integration score – approximately one unit of a difference
between them. In case of the dataset D, the shortest distance was found between the Scores
Integration and the Union scores (4.51). On the other hand, the biggest distance was found
between the UTT and the Intersection scores (45.41). The distance between the ATT and the
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Figure 4.9
Analysis of the accessibility scores and relationships between them for the dataset S.
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(a) The panel presents calculated Pearson’s correlation coefficients for the
accessibility scores computed for dataset S using examined AEMs.
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(b) Pearson correlation for dataset S supplied with a heatmap presenting
the strength of the relationships.
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Figure 4.10
Analysis of the accessibility scores and relationships between them for the dataset D.
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(a) Pearson’s correlation coefficients for the accessibility scores computed
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(b) Heatmap presenting the strength of the relationships between acces-
sibility scores for dataset D.
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UTT scores was 37.41. Similarly as for the dataset S, the ATT score vector lay closer the Union
score vector and the UTT score vector inclined more to the Scores Integration vector. The
difference of about three units was noted.
4.4. Quantitative Study Results
The main part of the research involved quantitative study of the possibilities for combining
manual and automated accessibility testing, as well as an investigation on the most appropriate
ways to conduct it. In this section, first, results of the integration on SC level are discussed.
They are focused principally on conformance testing and addressing the coverage of the POUR
principles from WCAG 2.0. Later, integration on page object element is examined by a thorough
study of the accessibility of a selected as an example web page D7.
4.4.1. Integration on Success Criteria Level
It was decided to conduct the combination of the accessibility test results on the level of SC
from WCAG 2.0, due to the fact that the tests both in ATT and UTT can be aggregated on SC.
WCAG 2.0 acts at this point as a linking bridge between the tools. In order to be able to link the
test results, the tests from ATT and UTT were grouped under the corresponding SC. Table 4.1
illustrates the mapping of the implemented tests to the appropriate SC from WCAG 2.0. A
numerical comparison of SC covered by distinct evaluation tools, i.e., ATT, UTT and by means
of the integration is delivered in Table 4.2. In total, the WTKollen testing tools cover 27 SC of
all levels, where ATT implements 17 and UTT 15 SC. Among them, five SC are covered both by
ATT and UTT. On level AA, combination of the ATT and UTT covers 22 SC, with a distinction
to 16 provided by the ATT and 11 by the UTT. Figure 4.12 presents a coverage of implemented
SC in relation to the WCAG 2.0 guidelines level AA. It can be seen that the combination of the
ATT and UTT may be advantageous for conformance review purposes. Owing to the integration
of the ATT and the UTT assessment, 57.9% of the WCAG 2.0 SC level AA can be covered,
compared to 42.1% and 28.9% when the testing is conducted using only one method, either
automated or manual, respectively.
The coverage was also studied with regard to the POUR Principles on which WCAG 2.0 is
based. In this case, again level AA was taken into consideration. Figures 4.13 and 4.14 present
the coverage of the individual principles by the studied accessibility evaluation approaches. By
combining ATT and UTT 42.9% of the SC from the principle Perceivable was covered. When it
comes to the second principle – Operable, integration of approaches resulted in 83.3% coverage of
the guidelines classified under this principle. Results showed that for principle Understandable,
ATT and UTT combined together can cover up to 40.0% of the SC from WCAG 2.0, all provided
by ATT testing. UTT did not make any contribution for this particular principle. Finally, the
last principle Robust was covered in 100.0%, as the analysis indicates.
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Figure 4.11
Analysis of the distance between computed accessibility scores for the dataset S and D.
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(b) Euclidean distances for the dataset D.
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Table 4.1
Tests from the ATT and the UTT were mapped against appropriate SC from WCAG 2.0.
SC ATT test id UTT question id
SC1.1.1 H45, H35, H37, H46, H36, H53, H2 Q12:image
SC1.2.2 Q10:captions, Q11:desc
SC1.2.4 Q10:captions, Q11:desc
SC1.3.1 H39, H48
SC1.4.1 SC1-4-1-a
SC1.4.4 Q6:small:screen, Q7:nav, Q8:focus
SC1.4.8 Q9:scroll
SC2.1.1 F54, F55 Q7:nav, Q8:focus
SC2.1.2 Q7:nav, Q8:focus
SC2.2.1 F41, F40
SC2.2.2 X’HasMarquee, X’HasBlink
SC2.2.4 F41, F40
SC2.4.2 H25, F25 Q13:title
SC2.4.3 Q7:nav, Q8:focus
SC2.4.4 H30, F63, H33, H24
SC2.4.5 G125
SC2.4.6 G130 Q5:heading
SC2.4.7 Q7:nav, Q8:focus
SC3.1.1 SC111text, SC3-1-1-xml-lang, SC3-1-1-html
SC3.1.2 SC3-1-2-xml-lang, SC3-1-2-lang
SC3.1.3 Q1:text, Q2:words
SC3.1.4 Q1:text, Q2:words
SC3.1.5 Q1:text, Q2:words
SC3.2.2 G13, H32
SC3.3.2 H71, G167, G131
SC4.1.1 SC4-1-1-id, SC4-1-1-idref, SC4-1-1-accesskey
SC4.1.2 F59, H65, H44, H63, H91, F89, F68 Q7:nav, Q8:focus
Summary results of the comparison study of the WCAG 2.0 Level AA are presented in
Figure 4.15. More detailed data about the SC coverage, divided by guidelines, are available
in A.1. The diagram shows that the Robust principle was covered completely. The smallest
coverage of SC was observed for the principle Understandable. N.B. it should be mentioned
that the UTT bookmarklet tool has implemented additional three tests that are aimed to verify
conformance with the guideline 3.1 from WCAG 2.0. Those tests were not taken into calculations
since they are on Level AAA. Similarly, one extra automatic test can be found in the checker
for the guideline 2.2, Level AAA. Yet, their presence needs to be highlighted. The reason for
choosing Level AA for the analysis is the compability with the WAD regulations, which adopts
conformance to SC Level AA.
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Table 4.2
Coverage of SC from WCAG 2.0 according to various levels.
SC Level ATT coverage UTT coverage Common SC Integration coverage
A 13 7 4 15
AA 3 4 1 6
AAA 1 4 0 5
WCAG ATT UTT ATT+UTT
WCAG 2.0 Success Criteria coverage by different AEMs, Level AA
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Figure 4.12
WCAG 2.0 SC coverage by ATT, UTT and combined approach ATT+UTT indicated as A+U.
Thanks to the combination of the ATT and UTT, the percentage of the accessibility guide-
lines can be significantly increased, compared to the situation when a website is evaluated only
with use of the ATT. Integrated approach brought a considerable increment in CR of the re-
spective accessibility principles from WCAG 2.0. Graphical illustration of the coverage gain is
depicted in Figure 4.16. Two principles (Perceivable, Operable) have gained on coverage of the
WCAG 2.0 principles. When it comes to the remaining two principles, integration did not alter
the coverage of the Understandable principle since the UTT had no contribution for this par-
ticular principle. In case of the Robust principle, no increase in coverage could be obtained by
implemented in the UTT tests since the ATT had already covered the assigned to this principle
guidelines.
On the other hand, benefits of combining manual and automated evaluation have their cost.
The price in this case is the additional work that needs to be done to perform the integration
on the SC level – finding mutual SC in the ATT and UTT evaluations and extra calculations of
the unified score.
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Figure 4.13
Coverage of WCAG 2.0 Perceivable and Operable principles with regard to investigated tech-
niques: ATT, UTT, ATT+UTT using Union approach.
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Figure 4.14
Coverage of WCAG 2.0 Understandable and Robust principles with regard to investigated tech-
niques: ATT, UTT, ATT+UTT using Union approach.
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Figure 4.15
Summary of the coverage that can be attained by combining ATT and UTT in relation to the
distinct principles from WCAG 2.0 SC level AA.
4.4.2. Integration on Page Element Level
To investigate the possibility of integration of manual and automated testing on the level
of page elements, one page from the evaluated set was selected for a closer inspection. In order
to confirm experimentally that the testing tools targeted the same DOM elements on the page,
a manual analysis of accessibility test results was carried out. The results were then compared
with a special focus to check whether the same page elements were assessed and what kind of
relationship was present between them. UTT test set contains questions of different type, namely
general ones regarding the perception of the page, e.g. whether the website is well displayed on
a small screen, as well as more specific questions, e.g. checking if the given alt text describes
good enough the particular image. To be sure that one evaluates the same object in UTT and
ATT, those objects need to be identified in the code.
Page https://www.un.org/press/en, denoted as D7, was both checked by the ATT
and the UTT. The page contains meetings coverage and press releases of then UN. The news
feed is updated daily. It includes a few images and a slider. Following elements were inspected:
– Images
Analysis showed that the UTT had not detected four images present on the page: three
JPEG images, 60 x 60 pixels, and a page logo in PNG format of 196 x 46 pixels dimensions.
However, those images were evaluated by the ATT. The remaining five images on the web
page were tested by both tools.
– Title
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Illustration of the gain in coverage that can be attained by combining ATT and UTT in relation
to the distinct principles from WCAG 2.0 SC level AA.
Manual inspection confirmed the consistency of the title evaluation. Both ATT and UTT
evaluation resulted in “passed” outcome as depicted in Figure 4.17
– Headings
Results showed that manual testing was accordant with automated evaluation. Addition-
ally, UTT detected three errors of fail ordering of the headings, which ATT did not cover.
– Buttons and links (Navigation and focus)
• Search box: submit button with accessibility barriers.
According to the UTT testing, there was reported a navigation problem with the search
box. The box was assessed to be inaccessible. Similar accessibility problems were detected
by the ATT under the violation of the H91 test ("Use HTML form controls and links"),
which disclosed barriers with submit button. Further manual inspection of the code con-
firmed that the inaccessible button was located in the search box. Figures 4.18 and 4.19
depict the search box and a snippet of the extracted code that defines the search box. The
snippet is supplied with the ATT outcome of the test performed on that particular page
element.
• Highlights section – empty alt attribute.
The links lacked alt text attribute in clickable images from the “Highlights” section, which
would be useful for assistive technologies to determine the destination link. The ATT did
discover those shortcomings, but there was no feedback provided on that in the UTT
results. Figure 4.20 enlights the mentioned section.
J.M. Mucha Combination of automatic and manual testing for web accessibility
70 4.4. Quantitative Study Results
(a) ATT evaluation results in pass for the page title on page D7.
(b) UTT confirmed the accessibility of the page title on page D7.
Figure 4.17
Evaluation results of the page title.
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Figure 4.18
Inaccessible search box on page D7 identified in the HTML code.
Figure 4.19
ATT test outcome for the button on page D7. ATT returned fail as the test outcome referencing
the same page element as indicated in 4.18.
• "Follow Us" section – missing link names for images.
Besides, both UTT and ATT were unanimous in evaluation of the “Follow Us” section,
which contains four clickable icons, i.e. Facebook, Twitter, RSS and Youtube. The ATT
results showed that the icons did not comply with the accessibility standards – the link
names were empty for all images (failed test H91). For the UTT, the tester noted problems
with focus. The icons were not designed properly to show that the pictures contained links.
Figure 4.21 illustrates the lack of enough highlighting of the provided YouTube channel
icon.
Figure 4.22 presents a comparison between the scores calculated for the page D7:
Based on the obtained results, one can conclude that the Intersection score resembles the
results from ATT and UTT for the mentioned elements. The Intersection score of 94.40 reflects
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Figure 4.20
Missing alternative text on the clickable images in the "Highlights" section on page D7.
the degree of consensus of the automated and manual evaluation for the common SC. The
remaining six score points could be explained with the differences in image evaluation and icons
without alternative text from the Highlight section. Those image icons could not be tested in
the UTT since the icons had not been detected at all by the tool and served to the evaluator.
The Union Score gives the most complete picture of the accessibility in numerical form, owing
that it encompasses results from a broader spectrum of the accessibility guidelines. Equation 4.1
presents the formula used to calculate the number of reviewed SC for the Score Integration
and the Union approaches. Score Integration embodies an average of manual and automated
evaluation scores. Integration and Union scores were the closest to each other with a distance
of roughly 2.5%.
Twelve SC were applied in the UTT evaluation, compared to eleven SC in the ATT checking.
Four common criteria were found between the ATT and the UTT, which were used for the
calculation of the Intersection score.
SCUTT∪ATT = SCUTT + SCATT − SCUTT∩ATT (4.1)
Applying formula 4.1 to the given example of the page D7, following calculation can be done
in terms of the SC coverage:
12 + 11− 4 = 19
By integration of the ATT and the UTT evaluation, 19 SC were checked. Mutual effort
resulted in an increased coverage of the tested SC, 58.33% in case of the UTT and 72% in case
of the ATT, compared to the evaluation performed only with one tool.
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Figure 4.21
The link names were empty for all images presented in the "Follow Us" section on page D7.
4.4.3. Impact of the dynamic content
As a side observation for the study, impact of the dynamic content on the integration ap-
proaches was analyzed. One of the reasons for creating two datasets – one with static pages and
the second one with dynamic content, was to observe the behaviour of the scores. Recalling one
of the challenges mentioned earlier, evaluation of the dynamic content is problematic due to the
changing content depending on the user, the agent and the time. To combine the evaluation
results from two separate AEMs, namely the UTT and the ATT, there has to be ensured that
they had evaluated the same content. With the assumption that the number of checked pages
by one tool equals the number of pages checked by the second tool and the pages were the same.
EDA revealed that quite many outliers were found in the relationship between the ATT and
the UTT in case of the dataset D. That may suggest that the ATT results were not always
aligned with the UTT results, which might be attributed to the differences in the evaluated
content. Whereas for the dataset S, containing only static pages no outliers were found. What
is more, there existed a stronger relationship between the ATT and the UTT scores.
The most detailed experiment, which touched the topic of the dynamic content, was the
manual inspection of the web page and its evaluation results, described in the previous subsec-
tion 4.4.2. The meticulous examination showed that the same page elements were tested both
by the ATT and the UTT. However, there were noted some differences in a sense that one
tool detected some objects, which the other missed out. Yet, the accessibility assessment was
performed for the same content as far as the conducted study managed to verify it.
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Figure 4.22
Accessibility scores for page D7 computed with use of invesigated AEMs.
4.5. Score Function
Three score functions were created for the integration approaches experiments as described
in 3.4.2. Calculations of the unified accessibility scores with use of the aforementioned approaches
to integration, i.e., Scores Integration, Intersection and Union approaches, were performed for
the given datasets of websites. The relationships between the outcomes from different approaches
were studied. Figure 4.24 presents graphically outcomes of the investigation. For the sake of the
reference, the plots contain also the ATT and UTT scores. The results showed that the Scores
Integration score and the Union score were very close to each other, which was observed both
for the dataset D and S. In 70% of the cases in the dataset D, slight differences were present
as higher values of the Union scores than the Scores Integration scores. In the dataset S, 40%
of the pages obtained higher Union score. As in case of the dataset D, Scores Integration and
Union scores in the dataset S were very similar. This can probably be explained with the fact
that, according to the formula 3.1 for calculation of the Scores Integration Score, the weights
used for the mean are the numbers of SC tested for by the ATT and the UTT. No mutual SC
are taken out from the calculation, which would mean that the results for the common SC are
calculated twice. Taking into consideration the fact, that in general the number of mutual SC
can vary between zero and five, the accessibility results of Scores Integration score may become
higher when the page presents a high level of accessibility, and similarly it may be lower when the
accessibility of the page is susceptible to improvement. Venn diagrams in Figure 4.23 illustrate
the concept of mutual SC incorporation. From the set theory the mutual part, containing five
SC, can be noticed.
When it comes to the values of the Intersection Score, they varied greatly among the pages
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Figure 4.23
SC coverage by the testing tools used in the experiments. The common part of the diagrams
indicates the mutual SC for the checker and the bookmarklet tool.
for both datasets, especially for the dataset D. Intersection Score demonstated itself not to
reflect the accessibility of the evaluated page. Considering the example results of D1 and D7
page evaluation, there turns out to be a discrepancy between the high Integration Score and
relatively low results from the ATT and the UTT. Even though the results for mutual SC were
very high, oscilating around 100.00%, the applied tests for the remaining SC found many barriers,
which resulted in lower scores for the remaining SC. Looking from the broader perspective and
the aims defined for the study, the Scores Integration score did not add much value to the
development of the combined score function for accessibility evaluation.
Taking into account the aforementioned double calculation of mutual SC in the Scores Inte-
gration score and the little information from Intersection score, the attention was turned to the
the function for Union score for a closer investigation. Figure 4.25 demonstrates the relationship
between the Union score and the scores produced by the UTT and the ATT for both datasets.
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4.5.1. Metric’s quality validation
In order to adopt a new metric, proposed by this paper, its validation needs to be performed
first. The challenge with metric validation is that there is no ready-made solution which could be
used for comparing the output produced by a candidate metric. It becomes difficult to produce a
single value that characterizes the level of web accessibility of a page. Likewise, when it comes to
the validation of manual testing results, subjectivity and diverse level of accessibility knowledge
may influence the final output. For instance, certain users may not be aware of the accessibility
problems they encounter during the testing.
For the validation of the Union Score, a research roadmap for web accessibility metrics
developed by the WAI [9] was used. The framework for the assessment of the metric’s quality
became a base for the investigation. The Union Score was evaluated according to five metric’s
characteristics: validity, reliability, sensitivity, adequacy and complexity, where the first two are
emphasized to be the most crucial to be satisfied. Following [45] with the distinction of the
metric’s quality assessment for various purposes of accessibility checking, the framework utilized
in this study is oriented on delivery of a metric well-suited for benchmarking purposes.
Validity
For the benchmarking purposes, validity with respect to the conformance to the accessibility
guidelines is desired. Validity is to respond the question of how well the score mirrors all and
only the true barriers of the guideline’s checkpoints. An estimation of false postitives and false
negatives should be conducted additionaly.
As assessed, the Union Score is guideline dependent since the metric is based on the
WCAG 2.0 and its SC. To apply the metric to the evaluation results obtained with use of
another guideline set, e.g. Section 508, the score function would have to be adjusted. However,
if limiting the guidelines set to the WCAG 2.0 conformance guidelines, the metric can be used
both with a subset of the guidelines and the complete set of the SC. Also it could be used with
the latest WCAG 2.1 that encompasses seventeen new SC in addition to WCAG 2.0. The genre
of the website does not influence the validity of the metric. The study has showed that it can
be applied both for static websites and websites with dynamic content. The metric performs an
integration of the outcomes of more of one tool. It successfully implements the merging of the
manual and automatic evaluation results.
The metric is tool-independent, in a sense that it can be used not only with the tools that
it was created for, namely the WTKollen testing tools: the checker and the UTT bookmarklet.
All of the checking tools that implement accessibility tests based on WCAG could be able to
adopt this calculation method, provided that a link between the guidelines, ATT and UTT is
established.
On the other hand, for the Union Score, validity with respect to the users is prone to the
evaluator effect. It takes place in terms of manual evaluation as the outcomes are incorporated
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in a qualitative form into the score function. What is more, the weight of the contribution of
the UTT results are regulated in the same way as the contribution of the ATT results – by a
number of SC for which the tests were applied. It was observed that the incomplete evaluation
might have had an effect on the final accessibility score produced for the web page.
Reliability
Figure 4.25 presents graphically the relationship between the scores obtained from the ATT,
UTT and the Union Score. A study of the differences between the accessibility scores produced
by the ATT and the UTT revealed a tight relationship between them. Yet, it is not always
desired since one tool may find the barriers that the other tool did not and thus the scores
vary. However, as a whole, thanks to merging the outcomes from two tools, the Union Score is
much more reliable than when applying data from a single tool only. The case with use another
accessibility guideline, e.g. Section 508 has not been tackled.
Another aspect to consider in case of the Union Score’s reliability is the soundness of the
manual evaluation. The repeatability of the automatic evaluation results is taken for granted.
The tool produces repeatable results each time when the same web pages/websites are evaluated.
For the UTT results, the outcomes may slightly vary because of the human factor. The tool is
designed with an idea that even a non-accessibility experts should be able to effectively use it and
provide with a sound feedback. Still, what for one user causes problems may not be considered
a barrier for another. Such situations may introduce a variance.
The question of sampling appears to be relevant for the study of the metric’s reliability. For
this research it has been assumed that the selected for evaluation web pages from the given
websites were regarded as website templates. Following this idea, the evaluation of another set
of web pages from that website is likely to return similar results. Nevertheless, considering the
situation when page sampling is based on some stochastic methods – the final outcomes may be
affected.
Sensitivity
Sensitivity of a metric is closely related to the topic of dynamic content where it can drastically
change itself very quickly. From the benchmarking perspective, low-reliability is desired to assure
that small changes in accessibility do not lead to big changes in the metrics. In other case, a
huge variation may cause the rankings to run out of control.
An interesting research question to follow up becomes to examine closely the variability of
the metric. In other words to compare the changes in the metric caused by small changes to the
content. The changes in metric because of the changes in content should be smaller to state that
it can be utilized to deliberately monitor the accessibility of a website.
Adequacy
It seems doable to use the metric for investigation of the accessibility for groups of disabilities.
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A simple classification of SC according to the disability group it affects would make it possible
to apply the metric for the Union Score calculation. However, this approach to web accessibility
evaluation assumes that all of the barriers are treated equally. None of the barriers gets more
impact on the score in the end.
Secondly, the Union Score metric is particularly designed for benchmarking purposes. Yet it
can be used as well for QA within web engineering as it is sensitive enough when applied to the
same web pages and at the same time precise to yield the accessibility barriers. Thanks to the
code extracts provided by the ATT, the issues may be repaired more quickly.
Accessibility scores produced by the Union Score metric are given in a ratio. The values are
normalized and range in 0.00− 100.00. Precision was taken into consideration to allow for com-
parisons between various websites and done over time. Metric’s visualization and presentation
issues are tackled in the next subsection 4.5.2.
————————————————————————————————————————
——–
Complexity
For the benchmarking purposes the metric should posses a low-internal complexity. Monitoring
takes place on a regular basis and certain resource limitations should be taken into consideration.
The Union Score metric is characterized by a low complexity since the only operations used are
multiplication, addition and division. The complexity is greater than the complexity of the
metric utilized in the ATT due to the additional part coming from manual evaluation and the
common SC part. In spite of that, as the metric merges the results from more than one tool,
the complexity on the metric ensure more valid and reliable results. Besides, lower complexity
will allow more people to understand how it works.
4.5.2. Score presentation
The way of presentating the score is crucial for the understanding of the accessibility level
of a website. It is not uncommon to come across a website that scores 100% in accessibility
level and find it not completely accessible. Testing tools usually present the outcomes of the
evaluation using the scale 0 − 100%. However, that kind of information may be misleading for
the users and convey a utopian message that the website is completely accessible, while in reality
it has resulted to be perfectly accessible only for the subset of implemented tests and guidelines
in the testing tool. Thus, the 100% accessibility means that it is accessible to a maximum grade
that the tool can cover. Yet, it is not equal to 100% since the total coverage of the accessibility
barriers may be attained only by a fully integrated approach, i.e., combining automated and
manual evaluation and accessibility testing, as stated by [5]. There are also some tests that are
hard to implement in the UTT. In case of the examined study, where the conformance to the
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WCAG 2.0 is checked, assuming that the adopted evaluation approach covers 60% of the SC,
should one present 60 or 100 if the tools have not found any barriers for a particular website?
One of the objectives is to propose a way that would convey in a clear way the degree of
accessibility that a checked website shows. Therefore, it is suggested to present the results of the
evaluation in form of a pie chart, with a distinction to the evaluation methods and their maximal
coverage of the guidelines. Following Figure 4.26 indicates the idea of the results presentation
in form of an Accessibility Pie Chart (APC). Figure 4.27 shows an application of the idea for
the evaluated web page D7. The pie chart shows the percentage of the checked SC that passed
the tests next to the percentage of the checked SC that resulted in fail. The remaining part of
the pie chart indicates the part of the WCAG 2.0 Level AA that was not tested.
There emereged an idea of visualizing the results with a distinction to the testing tools and
their outcomes. Figure 4.28 presents the results for web page D7 in an alternative way. The
size of the ’not covered’ slice has shrunk. It can be explained with the double calculation of the
common SC for ATT and UTT. Because of that, this way of visualization is not flawless either.
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(a) Accessibility scores for page D7 computed with use of invesigated AEMs.
Figure 4.24
Accessibility scores for dataset D and S computed with use of the studied approaches to the
integration of manual and automated accessibility evaluation.
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Figure 4.25
Relationship between Union score and ATT, UTT scores for dataset D and S.
J.M. Mucha Combination of automatic and manual testing for web accessibility
82 4.5. Score Function
Union Score 57.9%
Not covered 42.1%
Accessibility Pie Chart of maximal coverage for WCAG2.0 Level AA
Figure 4.26
Accessibility Pie Chart as an idea for graphical presentation of the Union Score. At maximum,
integrated tools can cover 57.9%, which means that 42.1% is left beyond evaluation. The per-
centages indicating coverage are valid for the studied WTKollen tools case.
ATT+UTT fail 11.4%
ATT+UTT pass 46.5%
not covered 42.1%
Accessibility Pie Chart for Web Page D7, WCAG2.0, Level AA
 Union Score=80.3%
Figure 4.27
Accessibility Pie Chart for web page D7, with Union Score equal to 80.3%.
J.M. Mucha Combination of automatic and manual testing for web accessibility
4.5. Score Function 83
ATT pass 35.6%
ATT fail 6.5%
UTT pass 20.75%
UTT fail 8.15%
Not covered 29%
Accessibility Pie Chart for web page D7, WCAG2.0, Level AA
Figure 4.28
Accessibility Pie Chart alternative for web page D7, with Union Score equal to 80.3%, ATT
score 84.53% and UTT score 71.81%.
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5. Discussion
Today, I want to challenge us all to have
greater ambitions for the web. I want the
web to reflect our hopes and fulfill our
dreams, rather than magnify our fears
and deepen our divisions.
Tim Berners-Lee, W3C Director and
Founder in a speech for the 29th
anniversary of World Wide Web
The research has set its course on a journey to explore possible ways of combining manual and
automated evaluation of websites’ accessibility. The goal has been set to attempt integration on
the basis of implemented accessibility guideline to arrive at a single accessibility score, that would
express to what extend a particular website is accessible for the users. Moreover, a graphical
presentation of the novel metric was supposed to follow the quantitative results.
5.1. Major findings
The findings suggested that results of manual and automated web accessibility evaluation
can be combined. The integration has been achieved through combining the test results on the
basis of the SC from WCAG 2.0. Experiments have shown that the same page objects were
extracted for accessibility evaluation both by the UTT and the ATT. Three approaches to
integration have been discussed and one – the Union approach, experimentally selected as an
appropriate method for the implementation. Thanks to the integration of manual and automated
evaluation methods, the coverage of the SC from WCAG 2.0 Level AA has been increased to
57.9%, compared to 42.1% when using only ATT and 28.9% when basing the testing solely on
the UTT. As an outcome of the research on integration approaches, a novel metric – the Union
Score, has been proposed for the purpose of combined accessibility results quantification. The
metric has been assessed with use of the framework for the metric’s quality analysis [9]. The
preliminary evaluation proved the Union Score to satisfy the requirements for benchmarking
purposes. Additionally, a visualization method for presenting the outcomes of the integrated
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results has been created. Accessibility Pie Chart has been introduced as a suggested way of
conveying the results of the accessibility analysis graphically.
5.1.1. Accessibility Metric
Union Score Metric’s preliminary validation has showed that the proposed metric for a com-
bination of manual and automated accessibility evaluation results is well-suited for application
in benchmarking context. Both static and dynamic web pages can be evaluated with use of the
developed approach. However, the metric has turned out to be prone to the evaluator effect due
to its manual part. Yet, with a properly conducted manual testing, done by a person knowledge-
able in basic accessibility topics, it can deliver reliable and sound results. Moreover, the metric
at the current state is guideline-dependent. It is compatible with WCAG 2.0 or its subset as well
as it is supposed to work with WCAG 2.1. Yet, it is speculated that some adequate adjustments
would probably make it possible to deploy the Union Score metric to other guidelines. When
it comes to the sensitivity of the Union Score, which is closely related to the topic of dynamic
content, more experiments are required to examine the variability.
Adequacy of the metric has been investigated. Research has shown that the metric can
provide the users with a meaningful information about the website’s accessibility, based on the
two-step assessment combining automated testing and manual input. The calculated accessibility
score is supplied with a graphical illustration of the results in form of the Accessibility Pie Chart,
depicting the fractions of passed, failed, and not covered results. Due to the possible application
for benchmarking purposes, is has been aimed to hold the complexity of the metric on a low-level
to make it possible for large-scale monitoring on regular basis.
5.2. Importance of the study
Integration of manual and automated assessment is necessary for providing the users with
a sound report about the web accessibility of the website. It has also been emphasized by the
accessibility experts that contributed to the study through their involvement in the interviews.
One tool is not enough to assess thoroughly the website for its conformance to the accessibility
guidelines. The choice either/or between ATT and UTT will not suffice. It cannot provide a
complete picture of the accessibility level of a website. It has been reported that approximately
only 20% of all accessibility tests can be automated [7], whereas the time and cost of manual
testing alone make it unsuitable for large scale evaluations. Both ATT and UTT have their weak-
nesses and strengths. Neither of them is perfect. Per contra, when combined, they complement
each other in delivering an exhaustive accessibility audit. With the proposed way of accessibility
score calculation, the results are comprised of the outcomes from two tools, thus become more
reliable and able to deliver a more complete overview of the website’s accessibility.
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The new integration approach to web accessibility checking requires a new way of calculating
the accessibility score. For the time being, no suitable score function has been found that could
be adapted for the needs of the integration. Therefore, a novel score function called Union Score
has been introduced. The presented metric builds on the approach developed for the EIII project
and its efforts put into creating the integration methodology [12]. Another reason for a unified
score is the fact that monitoring of the evolution of web accessibility demands quantitative
metrics. Quantitative results make it possible to compare the results and observe the changes
in the accessibility of the website. In this case, the proposed integration approach manages to
deliver a metric that can be used for benchmarking purposes.
5.3. Research challenges
The study has tried to address the well-known challenges connected to combining manual and
automated accessibility evaluation. Three main challenges have been identified at the beginning
of the study, namely evaluation timing, dynamic content, and different testing coverage of the
website.
Evaluation timing
In this research, it is proposed to mitigate the consequences of the different evaluation time
by setting a time frame between the automated and manual testing. The exact amount of
time needs more research due to the various time of the content’s update. In the described
experiment, manual evaluation of a web page done by the author was performed first and
immediately followed by an automated check. Thanks to that, it has been possible to assure
a nearly concurrent testing and limit the time gap between both evaluations. Other possible
solution to consider in the future might be to run automatically the ATT check of the web page
once the tester have started the manual testing with use of the UTT.
Dynamic content
The second challenge of integration – dynamic content, has been approached with a comparison
study of the accessibility results done for the two sets of data: dataset D and dataset S. The
first one consisted of static web pages and the second one of the dynamic web pages. Focus has
been put on observation how the results of the accessibility evaluation relate to each other. It
has been tried to capture the differences between the ATT and the UTT evaluation to relate
them later to the Union Score. The analysis has revealed some slight variations between the
results, however they have not been drastical. The aforementioned differences could possibly be
explained with a diverse test suits in the ATT and the UTT. Moreover, in order to examine
which elements had exactly been evaluated, a manual inspection of the targeted page elements
has been performed for one web page. The analysis indicated that both tools had performed
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the accessibility check on the same page objects. Notwithstanding the fact that the results have
shown to be promising, more experiments should be performed on this topic as the sample has
been too small to allow for generalization about the sensitivity.
Testing coverage
Integration of the results from the WTKollen checking tools on the level of one page seems
to be straightforward. When it comes to the evaluation of the whole website, comprised of hun-
dreds of web pages, the challenge of different coverage becomes relevant to address. This study
has assumed that the web pages selected for analysis were the representants of the website.
By representants it is meant the pages being identified as the website’s templates. In reality,
there is no choice other than to rely on automated tools when evaluating large-scale datasets
for accessibility. Manual evaluation of the whole website turns out to be unworkable. For that
reason, there is a need for an approach that would combine precise automated testing with a
complementary user testing, resulting in a complete overview of the accessibility. The stage is
open for involving the concepts of AI into the accessibility evaluation. Supposing that, only a
relevant fraction of a large website could be evaluated in an efficient (and fast) way, and at the
same time delivering an exhausive report of the accessibility level of the website without a need
for trade-offs between robustness and completeness of the results. A recently conducted research
by Mucha et al. [51] has showed that a cure for the problem with large-scale evaluation may
lie in applying clustering techniques of machine learning to the checking process. By grouping
similar web pages into clusters, a small sample of website templates can be obtained. The pre-
liminary results have revealed that it is possible to reduce the number of web pages needed for
evaluation by at least 70.6%. By virtue of significantly reducing the number of pages needed
for evaluation, the set of identified templates, may become an input for combined website ac-
cessibility evaluation. In such a way, there disappears the problem of page coverage since the
sampled pages may be thoroughly evaluated both by ATT and UTT.
Alternatively, a simpler way of selecting the pages to check with integration approach would
be to first evaluate the website automatically and cluster the pages with regard to the automatic
accessibility scores. Then, through sampling a representative page/pages from each cluster, a
sample set could be obtained. Those selected web pages could be evaluated manually. One
advantage with this approach is that both manual and automated checking takes place on the
same web pages, assuring that the evaluation is conducted on the same dataset. However, in
that case, there is created a time gap between the manual and automated checking, which for
the frequently updated content may result in some noise. What is more, such a solution requires
also carrying out the automated evaluation beforehand.
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5.4. Similar studies
D4.1: Integration methodology by Nietzio, A., and Berker, F.
Motivation for further investigation of the possiblities for integration came from the Inte-
gration Methodology [12], delivered as one of the outcomes of the EIII project. The research
has managed to depict the results on the same diagram, yet still with a distinction for manual
and automated testing. The approach proposed in this study, summarizes the results of the
accessibility analysis in form of an Accessibility Pie Chart (APC), which shows the results for
passed, failed, and not tested. The main difference is that the APC presents the outcomes after
the integration. For instance, the percentage of tests that resulted in pass relates to both ATT
and UTT. Distinguishing the results on the evaluation source may have its pros and cons if one
is interested in detailed information about the performance measured by different evaluation
methods. When it comes to the quantitative way of expressing accessibility of a website, the
proposed by Nietzio and Berker methodology misses a score function that could deliver a metric
producing a single accessibility score for integration.
SAMBA approach by Brajnik and Lomuscio.
The study has also drawn inspiration for the research from the work done by Brajnik, G. and
Lomuscio, R., which developed the SAMBA method for measuring barriers of accessibility [50].
Similar research question has been posed in both studies: How can a metric merge results
produced by accessibility evaluation tools and by human reviews? As a solution, the authors
proposed a methodology and associated metric for measuring accessibility that combines expert
reviews with automatic evaluation of web pages. Compared to the Union Score, suggested in this
project, the metric is focused more on accessibility that goes beyond the conformance testing.
Whereas the Union Score is mostly aligned with satisfying the requirements for benchmarking
purposes. What is more, SAMBA methodology takes into account different user groups and
makes a distinction of the accessibility barriers when assessing their severity and impact on
particular groups of users. Similarly, the unified approach requires input from the users in the
UTT part and some entry level of knowledge of the web accessibility concepts is needed. However,
the degree of involvement needed to complete the evaluation in case of the SAMBA methodology,
may be an obstacle for an average tester. On the other hand, the Union Score, even though still
dependent on human judgment, appears to be more manageable to use as it does not encompass
severity considerations. Nonetheless, it is also acknowledged that additional information about
the barriers’ severity may be beneficial to some users. Yet, a trade-off between the efficiency of
evaluation, together with costs involved in hiring the accessibility experts, and the extent of the
details has to be made. When it comes to the graphical presentation of the results, it would
be interesting to see how the results obtained with use of the SAMBA methodology could be
presented visually.
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5.5. Alternative explanations of the findings
Different scores UTT-ATT-Union score
The study has shown that combining manual and automated accessibility evaluation methods
and produced by them results, is doable. For some pages assessed with the unified approach,
manual and automated accessibility scores varied, which might result in a different Union Scores.
The fact that the Union Score does not mirror the score obtained as a result of automated
evaluation cannot state that it is not valid. Since a different thing is measured and with use
of different methods. Certainly, there is some substantiated correlation between manual and
automated evaluation results, as showed for example by Martínez et al. [76]. However, that
should not forejudge the new approach. Comparing the scores from different tools would not
bring much advantage since they have a different coverage of guidelines in terms of accuracy
and quantity.
A considerate spread of the scores in the dataset S
Another thing to consider is the spread in the accessibility scores observed in the dataset S.
The scores ranged from 55.04 to 100.00 from the automated evaluation and 38.89 to 100.00 in
the manual evaluation. It is not expected to receive the same outcomes, however a less spread in
the evaluation results was awaited since the pages belong to the same website. Such deviations
in the dataset S may be explained with the fact that the web pages that comprised the dataset
were artificially created for the accessibility testing purposes. Thus, they do not represent a
real-life website. Many accessibility barriers were put on the web pages on purpose. That may
explain such a variation in the results.
Integration approaches
In the course of the study, three approaches to combining the manual and automated web
accessibility evaluation have been investigated, i.e., Scores Integration approach, Intersection
approach, and Union approach. The study aimed at delivering a method that would be suitable
and reliable to utilize for assessment. The results have revealed that the Intersection approach
does not provide enough meaningful information since it calculates the accessibility score using
only the evaluation results linked to the common for the UTT and the ATT SC. The maximum
number of common SC is five, compared to twenty-two possible to cover by the both tools. The
rest of the results is discarded in this approach if the results do not belong to the common
SC. There are implemented too few mutual SC, that could be use as an independent source of
information about the accessibility of a web page. Therefore, due to such a loss of data, this
approach has been excluded from further analysis.
Further on, the remaining two aprroaches were investigated: the Scores Integration approach,
which calculates the average of the manual and automated accessibility scores, and the Union
approach, which bases the score calculation on the sum of the evaluation results from both tools.
J.M. Mucha Combination of automatic and manual testing for web accessibility
5.6. Limitations to the study 91
The main difference is that the integration is done after the score calculation in the first case
and in case of the Union approach the integration is performed on the raw results from the tools
and followed by score calculation. The quantitative study has showed that the experimental
results of the score calculations with use of these two approaches were very close to each other.
Moreover, the calculated correlation between the Scores Integration and the Union Score values,
indicated a very strong, positive relationship between those variables. For the dataset D the
Pearson correlation p-value= 0.99 and for the dataset S the p-value= 1.00. The approaches
have produced nearly the same output. With this information, there has arised a question
whether it would be possible to allow for a simplification of the way in which the accessibility
score is calculated. The Union approach to integration requires identifying the mutual results
in the output from the ATT and the UTT, which is an extra work to be done. Whereas the
Scores Integration approach proposes calculating the average mean of two numbers – the score
produced by the ATT and the score produced by the UTT, both computed with the same score
formula. However, a closer investigation in a search of the clarification of the similar results
and the reasons unveiled that the difference between these two approaches lies in the way the
methods approach the topic of the mutual for the ATT and the UTT SC. While the Union
approach applies the logical formula for calculation of the sum of two sets, and thus counts the
common part of the sets only once, the Scores Integration approach counts the common SC twice.
First time as a part of the ATT results and second time as a part of the UTT results. So small
differences in the values of the scores obtained with use of those two approaches to integration
can be explained with the very small number of common SC, that had not so much impact
on the final accessibility score. Yet, from the methodological point of view, implementation of
the Scores Integration approach would be incorrect. Also, it has been assumed that all barriers
are equal and none of them will be prioritized. Therefore, the whole attention has been finally
turned to the Union approach to integration and the experiments proceeded with the results
obtained using only this particular approach.
5.6. Limitations to the study
The research has shown an ample potential in combination of web accessibility evaluation
results from manual and automated checking. However, due to the exploratory nature of the
study, there can be found certain limitations to the proposed solution.
Sampling
First of all, in order to simplify the case, there has been made an assumption that the evaluated
set of web pages consisted of already selected web pages from the website. In that way the effort
connected to the sampling has been diminished. The sampling has been left beyond the scope of
the project. In case of the evaluation 1:1 – each page evaluated both manually and automatically,
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the integration is straightforward. However, when the checker evaluates let us say 600 pages and
10 − 20 pages are further checked manually, the method of sampling may be deciding on the
accessibility score. Further research on the topic of relationships between the sampling and the
integration approach would be beneficial to the knowledge.
Dataset size
Secondly, a small number of the evaluated web pages may be considered as a limitation of the
findings. Nonetheless even such a scale experiment provides encouraging results for a more wide
spread investigation on the topic and can possibly contribute to enhanced accessibility testing
practices. Nevertheless, testing the approach with more websites and the automatization of the
score calculations are crucial for the approach to be largely implemented. What is more, due
to the small size of the dataset, the impact of the dynamic content on the integration results
cound not been deeply studied. The manual inspection of the evaluation results, performed for
the web page D7 has showed that both tools targeted the same page elements. Yet, examination
of two websites is not sufficient to state clearly to what extent the differences in evaluation done
with help of the UTT and the ATT are caused by the presence of the dynamic content or the
subjectivity of the tester.
Metric
The novel metric – Union Score has appeared to be a suitable candidate for a quatitative
metric for integration of the web accessibility results. The conducted preliminary validation of
the metric pointed out both the advantages and the disadvantages of the metric. The solution
has been tailor-made to the needs for the particular accessibility evaluation purpose, namely
benchmarking. Also, the evaluation has been done with the given tools: WTKollen checker
and the UTT bokmarklet. However, for the time being, it can be stated that the metric is tool-
independent, but guideline-dependent. The concepts of the metric can be used with any tool that
implements WCAG guidelines and accompanied with an appropriate mapping test-SC. What is
more, the current investigation does not provide the user with the information about the false
positives and false negatives, which would be useful for examining the corectness. Moreover, the
variability of the metric has not been explored to the end. The changes in metric’s behaviour
caused by small changes to the content and sampling of the pages would provide valuable
information.
It has been observed that the quality of the human imput has a considerable impact on the
outcomes produced by the metric. Even though the UTT bookmarklet tool is designed to be
utilized by even non-experts within the accessibility field, some level of accessibility knowledge
is strongly advised. As the study has shown, quality of the answers provided by the testers does
matter. Likewise the completeness of the responses. The metric may be prone to the evaluator
effect, a term coined for the usability assessment, which comes from a situation where the
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evaluators in similar conditions identify substantially different observations. This leads to the
accessibility problems and may result in changes to the accessibility scores.
Visual presentation of the results
Although the APC succeeds in presenting graphically the outcomes of the evaluation, some
design ideas could be revisited. One possible aspect to consider would be to look closer at the part
of the pie chart that indicates the percentage of the WCAG 2.0 that has not been addressed by
the testing tools. At the moment, the ’not covered’ slice is of a fixed size, i.e., 42.1% indicating
the number of SC that the tools do not implement. However, in a situation when a website
containing a sheer, plain text, that is very simple but fully accessible, gets evaluated, a diagram
showing the ’not tested’ part may not convey thoroughly its accessibility. It may even present
it as a lower than it is in reality. The web page may obtain a lower accessibility score due to the
fact that some SC may not have been checked even though they were not applicable for that
particular web page and automatically limited the maximal accessibility score that a web page
can achieve to 57.9%. Therefore it should be exchanged with a more responsive diagram, where,
the ’not tested’ part would indicate the percentage of the applicable SC that have not been
checked. In that case the ’not tested’ part would vary from page to page. The question however
would be: how to calculate the number of applicable SC or tests of the website regardless of
testing limits of the checking tools?
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6. Conclusion
The research confirmed the hypothesis that outcomes from manual and automated web acces-
sibility evaluation can be combined on the grounds of implemented guideline. The accessibility
of the website can be summarized using a single, quantitative accessibility score. The study
has shown that there is no need to choose either manual or automated method of accessibility
testing. Both methods can be deployed in a synergistic way and complement each other. Thanks
to the integration of manual and automated evaluation, WTKollen testing tools can cover up
to 57.9% SC from WCAG 2.0 on Level AA. Previously, the maximal coverage for testing using
only one method (either ATT or UTT) was equal to 42.1% and 28.9%, respectively.
The aim of this research was to create a method that would help to uncover existing barriers
on the websites. The metric was supposed to comply with the quality framework developed by
W3C [9]. The novel score function has proven to be applicable for larger implementation. Ad-
ditionally, different ways of graphical presentation of the integrated results of the accessibility
testing were explored. Finally, an Accessibility Pie Chart combined with a quantitative score –
the Union Score, were proposed as a way of expressing the outcomes of the website’s accessi-
bility checking. Both graphical and numerical methods have been designed in a way to convey
the report results. Moreover, impact of the dynamic content on the integration results of the
evaluation was observed through the experiments and discussed with accessibility experts during
the interviews. The study has shown that the challenge of the evaluation of dynamic content is
complex and requires more attention in this context. A separate study is encouraged as a follow
up action.
With the proposed, broader approach to accessibility evaluation, the process of accessibility
assessment can be taken a step further and contribute in the long run to a more accessible Web
for all.
6.1. Future Work
The outcomes of this thesis point out a few interesting directions to follow in the future.
Although the study may answer important questions, other questions related to the subject
remain unanswered due to the time and scope limitations.
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First and foremost, the findings of this study can be utilized in implementation of the Union
Score for the integrated approach. The study has laid theoretical foundations for the implemen-
tation and emphirically investigated the properties of the suggested approach. Implementation of
the concepts in the WTKollen project would generate more data and provide essential feedback
from the users, which could later be used for refinements in the next iteration.
More research is needed on the suggested metric for the integrated approach. It is proposed
to consider a deeper evaluation of the metric from the mathematical perspective. A study of
false positive and false negatives would be certainly beneficial to the approach. More testing is
necessary to explore all of the properties of the metric.
One subject that remains to be explored is to investigate more deeply the impact of the
dynamic content. As a research avenue it is suggested to revisit the work done so far and
conduct an experiment focused solely on the role of the dynamic content on the accessibility
scores. One possible experiment could be to perform an evaluation twicely on the same dataset
containing dynamic pages. First the pages would be evaluated as there are and secondly the
dynamic content should be swiched off to investigate how the accessibility scores vary and their
impact on the integration. Another iteresting approach to follow for further research on dynamic
content is the idea of analysis of web page’s behaviours, mentioned by G. Brajnik.
The accessibility evaluation should also leave an open door for a feedback from the com-
munity. In such an approach of crowdsourcing, users can report errors and accessibility divides,
providing another view of the site. Possibly the gap that remains unaddressed after the combina-
tion of the manual and automated accessibility assessment could be covered with the feedback
from the website’s users. An example of such a solution could be implemented in form of a
button that would serve as a way to report the barriers to the developers/website owners.
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Table A.1
Detailed information about the SC coverage (Level AA) by studied AEMs with consideration of
particular Principles from WCAG 2.0.
Principle Guideline # SC Guideline # SC ATT # SC UTT # SC Union Approach
Perceivable G1.1 1 1 1 1
G1.2 5 - 2 2
G1.3 3 1 - 1
G1.4 5 1 1 2
total P: 14 3 4 6
Operable G2.1 2 1 2 2
G2.2 2 2 - 2
G2.3 1 - - 0
G2.4 7 4 4 6
total O: 12 7 6 10
Understandable G3.1 2 2 - 2
G3.2 4 1 - 1
G3.3 4 1 - 1
total U: 10 4 0 4
Robust G4.1 2 2 1 2
total R: 2 2 1 2
Sum all: 38 16 11 23
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B. Appendix B
Table B.1
UTT id indicates question id. Question text presents the question that the user is asked. Answer
lists out possible user responses. Result displays the outcome in terms of pass/fail values, whereas
the Quantification column shows a binary value that was assigned to the outcome.
UTT id Question text Answer Result Quantification
q1 Is the text on this page easy to understand? yes pass 1
no fail 0
q2 Are there difficult words on this page? yes fail 0
no pass 1
q3 Is the information on this page up to date? yes pass 1
no fail 0
q4 Does the text have an introduction or summary part? yes pass 1
no fail 0
q5 Does the heading describe the content and purpose of yes pass 1
this web page? no fail 0
q6 Is the website well displayed on a small screen? yes pass 1
no fail 0
q7 Can you navigate this page using only the keyboard? yes pass 1
no fail 0
q8 Is the focus of active elements visible? yes pass 1
no fail 0
q9 If you resize the text, is it then necessary to scroll horizontally? yes fail 0
no pass 1
q10 Does the video on this page have captions? yes pass 1
no fail 0
q11 Does the video on this page have audio descriptions? yes pass 1
no fail 0
q12 Does the alt text “” describe describe the image below sufficient? yes pass 1
no fail 0
q13 Does the web page title describe the content yes pass 1
and purpose of this web page? no fail 0
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